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ABSTRACT 
Gas industries in the United Arab Emirates are vastly growing in order to mainly cope 
with the increasing demand for energy productions as well as for the wise utilization of 
gas associate with the crude oil. Environmental problems coupled with gas employment 
necessitates the development of a management techniques that can lead to better control 
of emissions from gas processing companies since some of these emissions are 
unavoidable for safety reasons. 
This study suggests a framework to be used to control emissions from Abu Dhabi Gas 
Liquefaction Company (ADGAS) in Das Island, which represents a typical major gas 
processing company in the region, through investigations of the impact of introducing a 
modification scheme, within the unit processes, on the quality of the surrounding 
atmosphere. 
A baseline study for current emissions and ground level concentrations of four pollutants 
(sulphur dioxide, nitrogen oxides, carbon monoxide and particulates) was established.A 
computer model was then used to simulate the proposed modifications in order to reduce 
ground level concentrations that exceed regulatory standards. 
Two main approaches were considered to minimize ground level concentrations. First, 
reducing flow of gas into the flares by adding compressors to recover any excess gas 
from going into the flares during operations. Second, upgrading sulphur recovery units to 
a higher efficiency and some other reduction can also be accomplished through 
sweetening of fuel gas directed to utilities. 
The study concluded that the rates of emitted gas at ADGAS Liquefied Natural Gas Plant 
are exceeding the exposure limits under all emergency and current nonnal operation 
conditions. Gas turbines and boilers were proved to be the major sources for nitrogen 
oxides and carbon monoxide, while both sulphur recovery units and gas turbines are 
contributing to the emission of sulphur dioxide. In the meantime, upgrading of the 
sulphur recovery units to 97.5% resulted in 30% decrease in sulphur dioxide 
concentration. A significant decrease in nitrogen oxides and carbon monoxide as well as 
particulate concentrations resulted from adding a third boil-off-gas compressor. 
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1.1 G EN E RAL 
The economic growth in the United Arab Emirates (UAE) induces physical 
expansion, and construction and operation of new industrial facilities. These facilities 
commonly generate pollutants that affect, directly or indirectly, the air quality, the 
aquatic resources, and the terrestrial environment. Construction and operation of 
industrial facilities also require people whom themselves may contribute to the 
problems through their needs for living space, transportation, food and water, utilities, 
and disposal of their waste. Thus the environmental problems accumulate, sometimes 
continuous sometimes through interaction of different factors in a manner that their 
combined effect is greater than the sum of individual effects. Solutions to these 
problems require a balance of many values including short-term socioeconomic 
growth versus long term economic stability; industrial expansion versus 
environmental protection. 
The economy of the UAE is greatly dependent on oil and gas industry. In the past, gas 
associated with the crude oil production was burned off. This was a waste of an 
income source and a contribution to local environmental problems. Over the past 
years, gas produced by oil and gas industries has been increasingly used to operate the 
production facilities, and to generate electricity. In addition, a major portion of this 
processed gas has been exported. Nowadays, gas industries in UAE are actively 
developing further markets for gas utilization and will thus reduce gas emission and 
waste gas flaring. However, flaring in the oil industry will continue for safety reasons. 
The question is how to reduce these emissions in such a way that the quality of the 
surrounding atmosphere does not exceed the specified regulatory limits (Ecology and 
Environment Incorporated, 1 978). 
1.2 OBJECTIVES 
Several compounds are emitted, through flares, stacks and turbines, during gas 
processing stages. The effect of these emissions on air quality is dependent on many 
factors including the concentration of each compound, and the exposure time-scale at 
the receptor. The main objective of this study is to propose a management technique 
that can lead to a better control of emission level from gas processing companies in 
UAE. Abu Dhabi Gas Liquefaction company (ADGAS) located in Das Island has 
been selected for this purpose as it represents a typical major gas processing company 
in the region. Investigations of the impact of introducing a modification scheme 
within the unit processes on the quality of the surrounding atmosphere will be 
undertaken through the followings strategy: 
1 .  Estimations of emission rates and ground level concentration for pollutants 
resulting from waste gas emissions under current situation by considering both 
normal operating and emergency conditions. 
2. Detennination of ground level concentration for each proposed modification 
scheme under normal operating conditions. 
3 .  Comparison of ground concentration for each pollutant before and after 
modification. 
1 .3 M ANAGEM ENT FRA M EWORK 
The importance of this study stems from a perspective that visualizes production 
capacity in parallel with emission reduction as the core concerns of gas industry. 
Achievement of healthier environment, compliance with environmental legislation, in 
addition to recovery of wastefully burnt gas will be accomplished through the 
application of emission management framework that fits with the conditions and 
interventions proposed. The designed management framework is shown in Fig 1 . 1 .  
Management Pol lut ion Site Guidel ines & 
Objectives Sources Characteristics Standards 
� � -
Data Col lection 
& Analysis 
Estimation of Emission Rates Relevant to Different 
Scenarios 
Fonnulating Possible I mprovement 
lnterventions 
I 
Simulating I mprovement Interventions J . r I Result Analysis J I 
Recommendations I 
Fig 1 . 1  Emission Management Framework 
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1.4 APPROACH 
To achieve the above objec tives, field data collected will be utilized. These data 
include: emission discharge rates, coordinates of sources and receptors, time-scale for 
normal operation and maintenance and emergency shutdowns, meteorological data.. 
and physical conditions. 
The necessary input parameters for the air dispersion model will be obtained in order 
to determine ground level concentration of the target pollutants under current 
conditions before consideration of any proposed modification scheme. Three emission 
scenarios will be considered under current gas processing conditions: normal 
operation, maintenance, and emergency shutdown. The ground level concentration 
will be predicted for a variety of averaging times ( l hr, 24hr, annual). Hot zones, 
where predic ted ground concentration exceeds regulatory limits, wil l  be identified. 
S imilar simulations will be conducted for modified case scenarios after incorporating 
the estimated reduction in emission discharge rates that results from adopting a certain 
modified scheme. 
Through analysis of various control alternative scenarios of the major sources of 
emission, the best arrangement from the standpoint of ground level concentration of 
gas e missions will be selected. The results of this analysis wil l  be used in developing 
protection criteria. 
1 . 5 TH ESIS STRUCTURE 
The thesis is organized into eight chapters. This chapter defines the problem, study 
objec tives, and the methodology to achieve those objectives. Emission management 
framework is explored in the fol lowing chapter. This includes general description of 
Liquefied Natural Gas (LNG) process industries in the world, major emission sources, 
and the different pollutants associated with these sources. The environmental aspects 
related to air pol lution caused by these emissions and the currently established 
regulations and guidelines for air quality are also reviewed in this chapter. 
Spreading of emissions is greatly influenced by meteorological conditions. This, of 
course, is affected by geographical location of the emission source(s). Therefore, it is 
important to have an adequate description of the site as presented in chapter three. 
Furthermore, a brief description of ADGAS-LNG processing is preseneted in this 
chapter as it pertains the importance to understand the proposed modification 
alternatives to unit processes. 
Collected data including emission rates from the various emission sources on the site 
and meteorological conditions from Abu Dhabi Airport Meteorological S tation are 
presented and analyzed in chapter four. Original raw data are listed in the appendix. 
The theory of air dispersio n along with the different models currently available is 
explored in chapter five. Among these models, the Industrial Source Complex ( ISC3) 
code developed by the United States Environmental Protection Agency (US EPA) has 
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been selected to run simulation of ground concentration. Model verification has been 
also presented in chapter five. 
Simulations of ground concentration for several emitted pollutants are presented in 
chapter six and seven. Emissions under current situation for normal and emergency 
cases are the focus of chapter six while those under modified case scenarios are 
illustrated in chapter seven. Finally, chapter eight concluded this study and suggested 
some recommendations for future investigations. 
f 
CHAPTER 2 
EMISSION MANAGEMENT FRAMEWORK 
2 . 1  I NTRODUCTION 
Natural gas is fOWld both in onshore and offshore as independent deposits, or mixed 
with crude oil as associated gas. This associated gas has to be separated before crude 
oil is exported and refined. In the past, oil producing cOWltries wasted this gas by 
burning it off in the atmosphere. But later some of these cOWltries started utilizing the 
gas as fuel for their industrial plants and other domestic purposes. The surplus that 
exceeded their local requirements was exported to neighboring cOWltries, through 
special pipelines. 
The sixties witnessed a dire and pressing need to find a solution that would help oil 
producing cOWltries utilize the gas, stop flaring it away and subsequently protect the 
environment and, at the same time, make it easily available for the importers. 
Transportation was the major problem. Gas in its form represents a huge volume and 
transporting it would undoubtedly require exorbitant expenses. 
The solution was found: liquefaction of gas by cooling it down to - 1 60 °e, thus 
reducing its volume by a 600 folds. It could then be easily transported, involving 
much reasonable expenses, to the importers, who in turn will store it in its liquefied 
form under the same temperature. It could later be regasified, whenever required, for 
use as fuel. It was here that gas liquefaction plants and LNG tankers came into 
existence. Nowadays, the world is producing over 1 00 millions tonnes of LNG 
annually (Table 2 . 1 ) . 
T bi 2 1  S a e . 
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2.2 GENERAL DESCRIPTION OF LIQUEFI ED NATURAL GAS 
PROC ESSING 
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Knowledge of LNG processing is essential for better management of gas emissions 
resulting from gas processing plants. Production of liquefied natural gas undergoes 
several processes including separatio� sweetening, dehydratio� and liquefaction. 
These processes are described in some detail below (Gas Engineering Training 
Center. 1 993). 
Occasionally, the feed gas contains entrained liquids and solids. These entrained 
substances are not desirable during gas processing. Installing separators large enough 
to handle the most demanding conditions of feed gas insures proper protection of 
process units from liquid carry over. Another installation of solids separators such as 
oil bath scrubbers. centrifugal separators, or cylindrical gas filters insures adequate 
dust removal. Often, liquid and solid removal is combined in separators achieving 
both liquid and solid separation. These devices are generally installed ahead of the 
liquefaction plant in the metering units where pressure control of the feed gas is 
performed. 
Sweetening refers to reomval of acid gas from a feed stream. Acid gas limits must be 
set to avoid freeze-out during subsequent liquefaction. As carbon dioxide is more 
difficult to remove compared to hydrogen sulphide, the limit in the effluent gas is 
generally set by the former. Usual limits for CO2 and H2S are 50 and 4 ppm, 
respectively. 
Chemical absorptio� physical absorptio� or molecular sieving can accomplish acid 
gas removal. Chemical absorption employs a solvent in an aqueous solutio� which 
reacts with the acid gas components to form complexes. When the temperature is 
increased and the pressure is reduced, the complexes are decomposed and the acid 
gases are released. Among the most commonly used solvents are monoethanolamine 
(MEA), diethanolarnine (DE A), and diglycolamine (DGA). This chemical absorption 
can also be accomplished using a 25 to 35 % by weight of a hot (95-120 °C) K2C03 
solution. 
Removal of acid gases may also be carried out by physical absorption, without 
forming complexes, using a medium such as Selexol, Puriso� Rectiso� . .  etc. Physical 
absorpion is not commonly used in the liquefaction field due to the affmity of the 
sorbent for heavy hydrocarbons and their expensive costs. 
Molecular sieves can simultaneously remove water and acid gases from the feed gas. 
However, with regards to water removal where regeneration gas can be recycled, as 
acid gas cannot be condensed, regeneration gas has to be vented to the fuel gas 
system. If the acid gas content is not very small, this stream can exceed the fuel gas 
requirements of the plant. 
Moisture content of natural gas must be reduced to a low limit (about Ippm by 
volume) before liquefaction to avoid freezeout. Natural gas contains naturally water 
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vapor but becomes saturated upon removal of acid gas using aqueous solutions. A 
great part of water can be first removed by cooling the gas stream. The limitation is 
the temperature of hydrate formation which, for the usual pressure, is about 1 5 °C . As 
a common practice, the gas is not to be cooled down below 20 °C. Alternatively, 
water is commonly removed by absorption using a glycol solution or a solid dessicant. 
Bulk removal of water can be achieved using glycol type contactors. Because of its 
hydro scopic property, washing on a glycol contactor permits a dew point depression 
of 20 to 50 °C depending on glycol concentration. The glyco l unit consists of an 
absorber fed on top by lean glycol. Rich glycol from absorber bo ttom is stripped in 
the regenerator while the lean glycol is pumped back to the top of the absorber. 
Efficiency of the system can be improved by operation below the hydrate point. But 
in this case, g lycol injection has to be made ahead of the corresponding chi l ler. 
Nevertheless, the glycol units must be followed by finishing units using solid 
dessicant to obtain the requested moisture limit. 
Two beds of adsorbent are used and operate on a cycle basis ( typically 8 or 1 2  hours) 
with one bed in operation, while the other is being regenerated. Apart of dry gas ( 1 0  
to 1 5%) is sent to a heater then to the bed to be regenerated where water desorption 
occurs. Hot and wet gas which goes out of this bed is cooled in order to condense and 
remove the water. The gas is recycled to the inlet of the section by means of a booster. 
After water removal the heater is by-passed and the bed is then cooled to be ready for 
adsorption phase. 
Natural gas to be liquefied is usual ly at ambient temperature with a pressure that 
ranges between 30 and 70 bars. The gas composition varies from one gasfield to 
another. Before it is liquefied, the gas has to be basically free of any products liable to 
solidify at low temperatures such as acid gases, or water vapor as described 
previously. 
In order to liquefy natural gas, it has to be cooled to a temperature below -1 60 °C so 
that it can be stored at atmospheric pressure. The exact temperature depends on the 
composition of the liquefied natural gas. 
During the cooling process it may be of advantage to extract heavier hydrocarbons 
like butane, propane or even ethane. I t  is also possible during liquefaction to reduce 
the nitrogen content of natural gas if it is high, in order to increase the heating value 
of the liquefied gas and above all prevent subsequent transmission of useless mass of 
nitrogen. 
General ly, three ways exist of generating low temperature on an industrial basis: 
louIe Thomson expansion method by free expansion, Georges Claude method by 
external work expansion at the turn of the century, and the cascade method or 
condensation-vaporization cycle (pictet cycle). These three methods can be used 
together or separately. For the liquefaction of natural gas, particularly in large-size 
units, the cascade cycle is virtually the only one employed. 
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2. 3 MAIN EM ISSION SOURCES 
Pollution is emitted into the atmopshere from a large number of different kinds of 
sources. atmosphere dilution in the first hundred meters of air above the ground can 
vary dramatically over fairly wide limits, because of the temperature gradient. which 
governs the rate of dilution (Haugen, 1975). 
The major emission sources in a natural gas processing industry are compressor 
engines. acid gas wastes, fugitive emissions from leaking process equipment, and gas 
flares. Pressure relief and blowdown are intermittent releases and usually occur during 
maintenance and abnormal operations when the plant or equipment has to be 
depressurized. All vessels and equipment are protected by pressure relief valves, and 
these lines are directed to the flares or vents. Some fugitive emissions are inadvertent 
leaks from process components such as valves, connectors, etc. 
Utility systems, which are the major source of combustion emissions, form part of 
production system and in some cases support for operating personal. Sources of 
emissions from the exhausts of those utilities may incorporate gas turbine drives, 
diesel and gas engines, heaters, and boilers (Code of Practice for Natural Gas 
Refining and Associated Processes). 
Emissions from the above sources may include, carbon dioxide (C02), carbon 
monoxide (CO), hydrocarbons (HC) which include methane (CI-L.) and other volatile 
organic compounds (VOCs), nitrogen oxides (NO,,), nitrous oxide (N20) , sulphur 
dioxide (S02), and particulates. 
Potential sources of emission to air include some or all of the following: 
• Flares (emergency flares, process flares). 
• Plant and equipment (gas refrigeration systems, heaters, and 
recovery). 
• Acid gas treatment (hydrogen sulphide, sulphur recovery). 
• Process plant (nitrogen removal, process gas recompression, 
process-incinerators, condensate handling /storage). 
• Chimneys and vents. 
As an example for this study one of the major emission sources under upset or 
emergencies is flares which have a large impact in producing pollutants emitted to the 
atmosphere. Mainly flares are utilized to prevent the release of any unburned gas. It is 
a high temperature oxidation process for disposal of waste gases (Leite, 1992). A flare 
is a burner specially designed to burn waste gas originated in refineries, chemical 
plant and production facilities during normal operations or emergencies. Flares are 
employed for excess process streams due to unexpected equipment failure or major 
plant emergencies, such as instrument malfunctions, power failures or plant fires. 
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There are three general types of flares required in the industry; the least complex and 
most limited is the non-smokeless flare. It is used for hydrocarbon or vapor streams, 
which burn readily and do not produce smoke. Heavier hydrocarbons can be flared 
using this design, but only with considerable smoke and lower combustion efficiency. 
This may be tolerated, if flaring occurs only infrequently during short emergency 
upsets. A second type of flare is used for the heavy hydrocarbons. It is designated the 
smokeless flare. This flare will provide clean, efficient disposal of all hydrocarbon 
streams. Smokeless flares are required for any paraffm above methane, and all olefins, 
diolefins and aromatics. These flares use stearn, high-pressure fuel gas, water spray, 
high velocity vortex action, or an electric air blower to produce smokeless operation 
and improved combustion performance. All smokeless flares utilize outside 
momentum sources to provide efficient gas/air mixing and turbulence for complete 
combustion. The third type of flare is used for low heat content waste streams and 
toxic vapors. This unit is called a fired or endothermic flare, because it provides 
additional energy to the waste stream for complete oxidation. Fired flares are used for 
sulphur tail gas and ammonia waste streams (Leite, 1991; Straiz, 1994). 
2.4 ENVIRONM ENTAL AND H EALTH IMPACT OF EMISSIONS 
Carbon dioxide (C02) is a major product resulting from the combustion of fossil fuels. 
The increase in atmospheric concentration of CO2 since the beginning of the industrial 
age raised concerns related to a possible rise in global temperature and escalated 
global warming. Under conditions of incomplete combustion, carbon monoxide will 
be emitted. This is a toxic gas since it reduces oxygen transport in the blood of 
animals. Methane is a naturally occurring hydrocarbon gas and is the major 
constituent of produced natural gas. Methane has a global warming potential twenty­
one times higher than that of CO2• 
The major concern of releasing Volatile Organic Compounds (VOCs) is their ability 
to form photochemical oxidants (ozone) by reactions with nitrogen oxides in the 
presence of sun light. In addition to having a global warming potential, certain VOCs 
such as benzene are harmful to health and some are stratospheric ozone depletion 
substances. 
Nitrogen oxides include rutnc oxide (NO) and nitrogen dioxide (N02)' These 
emissions occur almost exclusively from the combustion of fossil fuels for industry, 
and transport, and from the burning of biomass. When initially formed during 
combustion, the major proportion of NOx is normally present as NO. However, NO 
are converted in the atomsphere to N02. Nitrogen oxides, as a final oxidative product, 
a component of acid rain and can lead in the presence of VOCs and sunlight to the 
formation of photochemical oxidants. 
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Nitrous oxide (N20) is produced both naturally and by combustion of fuels. Small 
generally insignificant amounts are produced during combustion of fossil fuels. 
especially those operating at low temperatures such as fluidised bed boilers. 
Sulphur dioxide (S02) is a colorless gas with a sharp odor that accounts for about 
18% of all air pollution, making it second only to carbon monoxide as the most 
common urban air pollutant. It is an acidic gas produced during the combustion of 
fuels which contain sulphur compounds. It may also be produced photochemically 
when H2S is released to the atmosphere. As is the case with ozone, exposure to low 
concentrations of SO;: can damage plants and trees. 
Hydrogen sulphide (H2S) is a toxic gas with an extremely low odour threshold at low 
concentration occuring naturally during decomposition. Natural gas is normally 
treated to remove this H2S to form sulphur or it can be burned (E & P Fourm, 1994). 
The sources and environmental impact of the different emitted pollutants are 
summarized in Table 2.2. 
T bl 2 2  S a e . d ources an enVlfonmenta unpact 0 f enutte d 1 1  po utants 
G aseous Pol lutant  Source Effect/ Impact 
Carbon dioxide Combustion -Green house effect 
-Global warming 
Carbon monoxide Incomplete Combustion -High toxicity 
-Green house effect 
-Global worming 
Hydrocarbons Oil and Gas Operations -Ozone depletion 
-Photochemical smog, high 
toxicity/ carcinogenic(in some 
case) 
Methane Natural gas -Global warming 
Nitrogen oxides Combustion -Photochemical smog 
Atmospheric nitrogen -Acid deposition 
Sulphur dioxide Combustion -Acid deposition 
Hydrogen sulphide Sour gas -High toxicity 
(Precursor of S021 
The effect of emission into the air is greatly dependent on the type of components 
involved, the nature of the receptors and the time scale considered. Furthermore, 
emissions of specific components generally have a specific environmental impact and 
a typical scale of effects (AI- Wasity, 1994). 
Global effects like ozone layer depletion, and the green house effect are well known. 
Smog formation and acid rain are middle scale effects. Odour, dust and toxicity are 
relatively small scale effects. The effects of these pollutants on a local, regiona� and 
global scale are illustrated in Tables 2.3 and 2.4 by Cronenberg and Eckford (1998). 
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Table 2.3 Scale of effects on environment and health 
Spbere of Typical distance Impact Type of risk Control 
influence (km) criteria 
On site/in- - contaminating safety exposure levels 
fence nUIsance health (short,medium and long term ) 
corrosive emission standards 
local 0-20 con tam inating health air quality standards 
nUisance emission standards 
Regional 20-200 contaminating health critical loads 
acidifying ecology target levels 
emission standards 
Continental 200-2000 acidifying ecology critical loads 
target levels 
emission standards 
Global >2000 greenhouse climate control of total amount of 
ozone depleting emissions 
emission standards 
The scale of effects of pollutants including a broad range components. First, there are 
the combustion gases (C02, CO N02 and S02) from incinerators, flares and gas 
turbines. The effect of scale of these components is principally regional or larger. The 
other, more important group is the fugitive emissions of volatile organic compounds 
and H2S. The effect of these components is both local and global as given in Table 
2.4. 
T bl  2 4 S I f ffi t £ t a e . ca e 0 e ec s or yplca jJo 11 t l t d  u mg components re a e to gas processmg 
Spbere of Component sources Impact Typical sources 
influence 
On site and H2S contaminating vent stacks/fugitive 
local organics contaminating vent stacks/fugitive 
mercaptans nuisance (odour ) vent stacks/fugitive 
benzene con tam in ating glycol units/fugitive 
dust contaminating/nuisance flares 
CO con tam inating com busti on! flares 
Regional and NOx con tam inating/acidifying heaters/combustion 
continental S02 contaminatin�cidiftin� heaters/com bustion 
Global CO2 green house heaters/ com busti on 
C� �een house fu�tive 
Gas Processmg SympOSIUm, May 98 
2.5 REG U LATIONS ON E M ISSIONS AND AIR QUALITY 
The ambient air quality standard is a target for the improvement of environmental 
pollution. In general all those standards are desgined to avoid short term effects and 
will provide sufficient control to avoid demonstrable longer term effects. 
The Abu Dhabi National Oil Company (ADNOC) has controllirnits for emissions to 
atmosphere and Air Quality Standards, which are based upon World Health 
Organization (WHO) Guidelines. These control limits and air quality standards are 
shown in Tables 2.5 and 2.6, respectively. In addition, there is a draft code of Practice 
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for Natural Gas Refining and Associated Process which has been submitted to Abu 
Dhabi Government by the Food and Environment Council as listed in Table 2.7.  
Table 2 5 ADNOC . t l li ·t fi con ro IDl s or arr errusslOn d· bar d ·  ISC �ge mto t h h e atmosp: ere 
Su bsta nce Concentration 
Sulphur dioxide 200 mg/mj 
Carbon monoxide 625 mg/m3 
Hydrogen sulphide 5 ppm 
Total Suspended Particulate 100 mg/m3 
T bl 2 6 ADNOC . r a e . arr qua Ity stan ar 
Su bsta n ce Averaging Time weight 
period average concen tration 
S02 1 hr  350 �g/m3 
24hr 125 �g/m3 
CO 1 hr  30 mg/m3 
H2S 30 min 7 �g/m3 
N02 1 hr  400 �g/m3 
03 1 hr 200 �g/m3 
ADNOC Guidel ines and Standards. 
Table 2.7 shows that the proposed regulatory limit values are lower than the present 
ADNOC limits, and are extended to all combustion equipment and includes a wider 
range of emission gases. 
Table 2.7 Proposed emission concentrations in the draft code of practice 
fi N ·  I G R flo· d A . d P or atIona as e mg an ssoclate rocesses 
Su bsta nce Concentration (mg/mJ) 1  
S02 
Fuel type : 
- liquid 1700 
- LPG 5 
- gas 35 
NOx (as N02) 350 
Total Suspended Particulate 50 
H2S 5 
Hydrocarbons (as total carbon). As low as possible . . 
I Refers to concentratIOn at reference condloons of dry, 273 K, 1 0 1 .3 kPa and 3 % oxygen content. 
In accordance with the c lean Air Act Amendments of 1970 the Environmental 
Protection Agency ( EPA) established air quality standards at primary and secondary 
levels as surnmerized in Table 2.8. Primary standards are required to be set at levels 
that will protect public health as safety margin regardless of whether the standards are 
economically or technologically achievable. However, secondary standards are 
established to protect public welfare such as structures, crops, fabrics and animals 
(peavy et aI. , 1986). 
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T bI 2 8 EPA · li d d a e . alI qua ty stan ar 
Pol lutant Averaging Federa l  Federa l  
t ime pri m a ry seconda ry 
CO 8 hr 10 mg/m3 NA 
1 hr  40 mg/m3 NA 
N02 Annual 100 l-lg/m3 Same 
1 hr NA NA 
Ozone 1 hr  235 I-lg/m3 Same 
S02 Annual 80 l-lg/m3 NA 
24 hr 365 l-lg/m3 NA 
3 hr NA 13 10 l-lg/m3 
1 hr  NA NA 
PM I O  Annual 50 I-lg/m3 Same 
Lead 24 hr 150 l-lg/m3 Same 
1 month NA NA 
3 months 1.5 l-lg/m3 Same 
NA: not avrulable. 
WHO set out guidel ines, explaining other factors need to be taken into account. These 
factors are meteorological and topographical features of the area and types of sources 
involved, all of which influence the way in which concentrations may vary from time 
to time, and turn the way in which standards are defmed (WHO, 1 980). 
CHAPTER 3 
SITE DESCRIPTION 
3. 1 INTRODUCTION 
ADGAS was set up in agreement with Tokyo Electric Power Company for the supply 
of liquefied gas for their power generating plants. Construction of ADGAS began in 
1973 and was completed in 1977. Until the early seventies, gas liquefaction plants all 
over the world used to process either associated gas, extracted from crude oiL or 
natural gas. But ADGAS Plant was the first in the world to process both types of gas. 
The raw gas is delivered to the Plant at five different pressure levels, which are then 
regularized into a uniform gas pressure to faci l itate the liquefaction process. This is a 
unique facility among the several l iquefaction plants in the world. 
The initial P lant consisted of two identical process trains arranged in paral lel to permit 
safe overhaul of  one train while the other remains in service. The process plant is 
integrated with a utility complex, which can be shut down in sections for maintenance 
overhaul while production continues subject to same l imitation. 
3.2 G EOGRAPH I CAL LOCATION 
The LNG plant of ADGAS is located in Das Island about 180 km north west of Abu 
Dhabi city. The Island (about 2.5 km long and 1.5 km wide) is also the focal process 
area for Abu Dhabi Marine Operating Company ( ADMA-OPCO) as shown in Fig 3.1. 
Gas feedstock for ADGAS Plant comes from numerous oil fields surrounding Das 
I s land. The associated and non-associated gas streams from different gas sources are 
sent to ADGAS-LNG Plant as shown in Fig 3.2. The general terrain at Das Is land is 
mainly flat in the south with land rising to around 30m above sea level in the 
northwest to north. 
The population of the Is land at normal working operation is about 3000 and up to 
4500 at overhaul shutdown for plant maintenance. Most workforce is residential 
working with different cycle leave around the year, and all associated with or support 
the oil and gas operations in Das Island. 




Fig 3. 1 Das Island and main sources of gas supply 
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To LNG Plant 
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Fig 3.2 Main sources of gas supply 
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3.3 LIQUEFI E D  NATU RAL GAS PLANT AT ADGAS 
Current ly, three trains are operating at ADGAS LNG Plant. Two of these trains are 
identical and were designed for a total annual production of 2.3 million tonnes LNG, 
0.65 million tonnes propane, 0.42 mil l ion tonnes butane, and 0.22 mil l ion tonnes 
pentane plus. To meet the Company's contractual commitments and to optimise 
returns, ADGAS constructed a third LNG train with a capac ity of2 .5  mil l ion tonnes. 
The gas liquefaction is a relatively new branch of modern technology, and it is highly 
sophisticated and complex, as well. In order to make it practical and commercially 
viable to transport gas from one country to another, the gas vo lume has to be reduced. 
This is accomplished by l iquefying the gas through the application of proprietary 
refrigeration technology, which makes it possible to cool the gas down to 
approximately - 1 60 °C, resulting in a 600 fold vo lume reduction. Liquefied gas is then 
exported in huge-size tankers that are especial ly designed and equipped to carry gas in 
its l iquid state (ADGAS Operating Manual). 
S ince the numerous impurities that are naturally found in the raw gas freeze at low 
temperatures, and block the cryogenic sect ion of the plant, the gas has to be purified 
before it can be cooled down to cryogenic temperature. The gas liquefaction process 
can be divided into five main stages as shown in Fig 3 . 3  and discussed below. 
3.3. 1 Com pression 
Compression is required for the associated gas only and was provided for the two 
identical LNG trains. Each train of the plant has two feed-gas compressors driven by 
steam turbines. The first is booster compressor, which takes the atmospheric flow gas 
from Umm Shaif Zakum and E I-Bunduq and compresses it up to 30 psig. The gas 
from the booster compressor forms part of the feed to the first stage of the three-stage 
feed compressor, with the other part being the low-pressure separator gas of the Umm 
Shaif, Zakum and E I-Bunduq production plants. The discharge from the first stage 
passes to the second stage together with a gas stream from the Zakum high-pressure 
separators at 75 psig. 
The second-stage gas, discharged at 230 psig, is joined with the Umm Shaif and E I­
Bunduq separators gas of the same pressure. This combined gas stream passes 
through the third and final stage of the compressor to be discharged at 780 psig when 
it is passed to the purification (acid gas removal) unit . High pressure associated gas 
and natural gas pipes from offshore at 780 psig are introduced into the final discharge 
of the feed-gas compressor and also directly into the third train (Fig 3 .3) .  
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Fig 3.3 Gas liquefaction process at ADGAS 
3.3.2 Sweetening 
The feed gas that enters the plant contains a number of impurities, that should be 
reduced to the minimum in order to meet certain technical requirements that are 
related partly to the specification set by the customers. Among these impurities, 
carbon dioxide has to be removed, or reduced to the minimum, since it freezes at low 
temperatures and would, therefore, block the cryogenic sections of the Plant when the 
gas is cooled to - 1 60 cC. Secondly, hydrogen sulphide is a major pollutant . Its 
presence in the liquefied gas must be reduced to the minimum to satisfy customer's 
requirements and specifications. The extracted hydrogen sulphide is further processed 
to produce liquid sulphur, an essential process in itself as it helps protecting the 
environment. 
ADGAS produces about 1 000 tonnes per day of l iquid sulphur, which is shipped to 
ADNOC's faci l it ies in Ruwais where it is stored, granulated and exported. The feed­
gas received by the p lant contains 2 .5  % - 5 .5  % H2S and 4.5 % - 6.5 % CO2• In the 
first purification stage, the feed gas is treated with hot potassium carbonate solution, 
which reduces CO2 and H2S content to 2000 and 800 ppm, respectively. The gas then 
passes to the second absorber where it is treated with the diethanolamine solution to 
further reduce the H2S content to less than 3 ppm and CO2 to about 30 ppm. 
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3.3.3 Drying 
The gas that leaves the purification (acid-gas removal) unit is saturated with water 
vapor. Before cooling the gas to below 0 °C, it must be dried to avoid freezing in the 
cold section of the P lant. The driers have been designed to reduce the water content to 
less than 0.1 ppm by vo lume. 
The drying agent used in ADGAS P lant is molecular sieve. There are two driers for 
each stream; the first would be operational while the other is being regenerated. 
Regeneration is carried out by passing hot (310 °C) dry gas through the molecular 
sieve. Train 3 has three driers while Trains 1 and 2 have two each. 
3.3.4 F ractionation 
The sweet dry gas passes through a heat exchanger where it is cooled against 
medium- level propane down to -1 °C. Condensed liquid is separated while the 
uncondensed feed gases are cooled against low-level propane to -34 °C. Again, the 
condensed hydrocarbons are separated and the gas passes through the first bundle in 
the main cryogenic exchanger where the gas is cooled to around -45 °C and the 
remaining LPG that has condensed already is separated out. The remaining 
uncondensed gas, which is predominantly methane and ethane, passes back into the 
main cryogenic exchanger for liquefaction. 
In the de-ethanizer column, methane and ethane in the feed boil-off overhead are sent 
to the main cryogenic exchanger for liquefaction. The bottoms from the de-ethanizer 
pass to the de-propanizer where propane is distilled overhead, cooled, condensed and 
pumped to storage. The bottoms from the de-butanizer contain the pentane and 
heavier hydrocarbons . 
3. 3. 5 Liq u efaction 
Liquefaction of methane and ethane takes place in the main cryogenic exchanger. The 
feed gas, mainly methane and ethane with some residual propane, enters the lower 
bundle at -34 °C. It passes through the lower (or wann) bundle and emerges at -50 °C. 
At this stage, almost all the propane in the feed gas has condensed and is separated 
from the gas for recovery in the fractionation section. The uncondensed gas passes 
through the middle and, then the cold, third bundle where it is cooled to 
approximately -160 °C. At this temperature, the gas condenses to liquid and is sent to 
the refrigerated storage tanks. 
Cooling in the cryogenic exchanger is provided by a conventional compression-based 
refrigeration loop using a mult i-component refrigerant (MCR) through a two-stage 
compressor. 
The MCR gas is made up of approx. 7 % nitrogen, 38 % methane, 41 % ethane and 14 
% propane. 
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3.3.6 S u lph u r  Recovery 
Hydrogen sulphide, which is highly poisonous and has a very penetrating and 
irritating smel� produces sulphur dioxide when it is safely flared. The immediate 
effects of inhal ing even small quantities of sulphur dioxide are coughing chest pain 
and shortness of breath. Sulphur dioxide is thought to contribute to bronchitis and 
other lung diseases. In addition., when released to air, SUlphur dioxide reacts with 
water apor to form sulphuric acid. This is slowly oxidized by oxygen in the air to 
sulphuric acid, which has a very corrosive and damaging effect on fish, trees and 
building materials. Besides, emission of sulphur dioxide is believed to be a major 
factor that contributes to the concrete cracking and equipment corrosion. 
The recovery of sulphur from acid gases is considered one of the most important 
methods of avoiding air pollution that results from the flaring of H2S. This is achieved 
by separating the acid gases from the hydrocarbons in the natural gas, and feeding 
them to the Sulphur Recovery Units (SRUs), which convert hydrogen sulphide in the 
acid gases to high purity sulphur by the C laus process. ADGAS P lant has three SRUs, 
which have a total design production capacity of 1 500 tonnes of liquid sulphur per 
day. 
In addition to its main value of removing sulphur dioxide, sulphur is vastly used in the 
commercial production of many chemicals, vulcanization of rubber, ointments for 
some skin diseases and sulfa drugs, as well  as in the manufacture of insecticides, 
fungicides and plant fertilizers. 
3.3.7 Utilit ies 
The performance of ADGAS P lant involves a number of utilities and services. The 
fol lowing are the most important : 
1. Six forced draft, gas-fired boilers, each having a rated capacity of 360 tonnes 
per hour of steam at a pressure of 60 bars and a temperature of 440 °C. 
2. Seawater cooling is provided by nine pumps each with a rated capacity of 
1 6,500 m3 of water per hour. 
3 .  Three firewater pumps; each can provide 1 200 m
3 of water per hour into the 
fire water system. 
4. Compressed air is provided for four nitrogen production units and then dried 
and supplied to all pneumatical ly operated instrumentation. 
5. All  the industrial fresh water requirement of the LNG Plant are provided by 
three sea water desalination units, each has a proven production capacity of 35 
tonnes per hour. Water required for boiler water feed is further treated in six 
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demineralization units. There is an extensive steam condensate recovery system 
that exceeds 95 %. 
6 .  Electric power generation capacity of 1 05 megawatts is provided by two steam 
turbine generators, each of 1 7.5  megawatts; and four gas turbine generators; 
each of 1 7 .5 megawatts. 
Besides supplying power to the Plant, the utilities sect ion provides power 
requirements for the who Ie Is land. 
3.3.8 Storage Tan ks 
Originally, ADGAS had two storage tanks to keep LNG at - 1 60 °C, propane plus at -
45 °C, butane at -6 °C, and pentane at ambient temperature. But with the increase in 
production that exceeded the Plant's  original capacity, and in order to meet future 
requirement, the two storage tanks were decommissioned after the construction of 
seven new tanks built in conformity with the most advanced international 
spec ification. The seven storage tanks included three each of 80,000 m3 capacity for 
the LNG and four LPG tanks each of 50,000 m3 capacity. The construction of these 
tanks was completed in 1 986. Final ly, these tanks are utilized to load tankers with 
LNG to be exported. 
CHAPTER 4 
DATA COLLECTION AND ANALYSIS 
4. 1 INTRODUCTION 
Data required for conducting this study are preseneted in this chapter, and the 
methodology through which the data were obtained was outlined. Several visits to Das 
Island were conducted to collect the information needed from technical personnel at the 
Department of Health, Safety and Environment, and Operations and Process Engineering 
Departments at ADGAS. Obtained data were collected by ADGAS staff during 1 996 and 
1 998. Additional data were obtained from a study conducted by W. S .  Atkins ( 1 997). The 
informat ion obtained for the year 1 996 was more comprehensive than that for the year 
1 998. Thus, this study is so lely based on the data for 1 996. However, emissions reported 
in the two years were sometimes preseneted for comparison purposes. 
Air dispersion models require meteorological data to produce air quality estimates. Some 
of these models, including the one that will be used in this study, require an hourly 
meteorological data. However, no comprehensive record of hourly meteorological data is 
avai lable during 1 996- 1 997 for Das Island. Therefore, meteorological data were col lected 
from Abu Dhabi I nternational Airport (ADIA) , which is the c losest meteorological 
station to Das Island, and the data were utilized in this study. Applicability of using these 
data to simulate ground concentration resulting from emissions releases at Das Island was 
discussed below. 
4.2 M ETEOROLOG ICAL DATA 
The prevel ling wind direction on the west coastal of the UAE including Das Island is 
different in winter and summer as a result of air pressure and movement patterns. In 
winter, high pressure centered bringing a flow of dry air to the island from the north east. 
However, a strong thermal low-pressure flow extends from Pakistan and Iran with a 
moist airflow from the south east during summer. Prevailing wind goes up to 20 kmlh 
from north west (3 1 0°). 
To be able to utilize the meteorological data collected from ADIA, a comparison was 
made between average monthly highest and lowest temperature recorded at Das Island 
during 1 956- 1 964 with the 1 996 data at ADIA as shown in Fig 4. 1 .  The figure shows that 
the meteorological conditions from a temperature point-of-view are c lose for the two 
2 1  
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locations. Therefore, the assumption was made that wind direction and speed at ADIA 
wil l be applicable to this study. 
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Fig 4. 1 Temperature comparison between Das and ADIA 
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Collected meteorological data include full one year hourly average temperature, wind 
direction, wind speed, stability c lass and mixing heights. A sample example for one day 
meteorological data is shown in Appendix A (Table A. l ) .  The average monthly 
temperature and wind speed and the standarad deviation (from the average) in monthly 
temperature and wind speed are shown in Table 4. 1 .  Monthly variations (from the 
average) in temperature are not as high as those associated with wind speed. On the other 
hand, the average monthly wind speed does not exceed 5 mls. Fig 4.2 shows hourly wind 
speed and temperature for the months of January and July. 
T hi 4 1  S a e . ummary 0 f 1 . I d meteoro oglca t ADI A  £; 1 996 ata a or 
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Parameter 
Average 
Temperature (OC ) 1 9. 5  1 9.7 23.4 26.6 3 1 .7 34.2 36.3 35 32 28.3 24.2 20 
Standard deviation 2.85 2.88 3 .32 4. 1 1  4.68 3.42 3 .87 3 .4  2.95 3 .89 3.3 3 .23 
Average 
Wind speed (m/s) 3.05 3 . 1 1  4.85 3 .77 3 . 1 3  3.65 3 .44 3.2 1 3 .22 3 . 1 4  3.42 2.78 
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Fig 4.2 Temperature and wind speed fluctuations reported at ADIA. 
4.3 E M ISSION SOURCES 
A general map of the study area including the main sources and receptors is shown in Fig 
4.3 . There are 26 major emission point sources at ADGAS LNG Plant, and those sources 
are located at the North side of the Island as shown in Fig 4.4. These sources can be 
categorized into five groups: boiler stacks; regeneration gas heater stacks; gas turbine 
stacks: sulphur recovery incinerator stacks; and flares. Besides their different locations on 
the Is land, the emission sources have different stack diameters and heights as outlined in 
Table 4.2 .  The rate of emission from these emission sources varies with the operating 
conditions. These condit ions are c lassified as emergency or normal .  Emergency 
conditions results in shutdown of certain operations, and occurs due to power loss or feed 
gas over flow or instrument malfunctions. In this case, the gas which was supposed to be 
processed, is bypassed to the flares. Thus, emissions from non flare sources are a result of 
normal operations. However, some of these sources do not receive emission gases under 
emergency conditions. 
UJ o o ,., 
< 
UJ o o oc 
UJ o o o 
UJ o o '" -
UJ g � -
UJ o o 
I � 1 ... "" ,,-
UJ o o o '" 
Fig 4.3 Das Island Map 
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Fig 4.4 Location of main emission sources at ADGAS-LNG Plant 
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Characteristics of emitted gases from non flare sources during 1 996 are presented in 
Table 4.3 .  Listed in the table are the emission rates reported for 1 998 from these sources. 
Among the different non flare sources, emission rates from the sulphur recovery units 
are the highest followed by the boilers. Emission rate of the regenerator gas heater is 
considered the least. The sulphur content in gases emitted from gas turbines is the highest 
due to non sweetening of the fuel gas. Fuel gas to the boilers have less sulphur content 
compared to gases emitted from other non flare sources. Boiler 5 and 6, for example 
receive a fuel gas with low sulphur content from the field. It is also noticed that the 
emissions from SRU 3 is lower than that associated with SRU 1 and 2 due to different 
gas characteristics and the higher sulphur recovery of SRU 3 .  
Comparison of emission rates from same sources during 1 996 and 1 998, shows that the 
two values are close, with the exception of the values associated with the sulphur 
recovery units. Differences between the values reported in the two years, are possibly due 
to number of shutdowns of the SRU that had occurred in 96 as compared to those in 98. 
Ta ble 4.2 PhysIcal propertIes of the errusslOn sources at ADGAS 
ADGAS Source Description Our Location I 
ource Code Coordinates 
Identification E(m):N(m)  
Code 
Boi lers 
3 1 -F-00 I 
3 1 -F-002 
3 1 -F-003 





3-F- 1 0 1  
3-F-20 I 
9-F- I O I  
9-F-20 J 
Gas Turbines 
80-GT- 1 0 l  
80-GT-20 1  
80-GT-30 1 








l 7-F-30 I 
1 7-F-302 
1 7-F-303 
1 7-F- I O I  
1 9-F- I O I  
1 9-F- 1 03 
1 9-F- I 04 
1 9-F- I 03 
1 9-F- I 06 
Plant 3 1  Boi ler No. 1 Stack 
Plant 3 1  Boi ler No.2 Stack 
Plant 3 1  Boiler No.3 Stack 
Plant 3 1  Boi ler No.4 Stack 
Plant 45 Boi ler No.5 Stack 
Plant 45 Boi ler No.6 Stack 
Train I Plant 3 Regeneration Gas Heat Stack 
Train2 Plant 3 Regeneration Gas Heat Stack 
Train I Plant 9 Regeneration Gas Heat Stack 
Train2 Plant 9 Regeneration Gas Heat Stack 
Gas Turbine (GT l )  
Gas Turbine (GT2) 
Gas Turbine (GT3) 
Gas Turbine (LG5) 
Train 1 Sulfur Recovery Stack 
Train 2 Sulfur Recovery Stack 
Train 3 Sulfur Recovery Stack 

















Train 3 Sweet Gas High Level Flare F3 l 
Train 3 Sour Gas High Level Flare F32 
Train 3 Continuous Sour Gas High Level Flare F33 
LNG/LPG Flare F l l 
LPG Tankage Flare F 1 2  
Sour ( W arm  ) Liquid Burner F 1 3  
LNG Burner F I 4  
Trains I and 2 Sweet Gas High Level Flare F 1 5  
Trains I and 2 Sour Gas High Level Flare F 1 6  
1 527 : 3 1 48 
1 503 : 3 1 48 
1 480 : 3 1 48 
1 457 : 3 1 48 
1 803 : 3075 
1 772 : 3075 
1 500 : 2920 
1 370 : 2902 
1 508 : 2920 
1 363 : 2920 
1 352 : 3 1 1 3  
1 0 1 3  : 2252 
1 040 : 2252 
1 067 : 2252 
1 6 1 6 : 2928 
1 478 : 2928 
1 780 : 275 1 
1 7 1 3 :3350 
1 7 1 3  :3342 
1 7 1 3 :3333 
1 632 :3284 
1 835 :3205 
1 835 :3208 
1 835 :3208 
1 7 1 3 :3325 
1 7 1 3 :33 1 7  
I The origin point (0:0) is located at latItude 25°: I 0' and longtldude 25°:50' . 2 GT4 has a rectangular cross-section and an equivalent diameter is estimated. 
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3 .5  
3.5 
3 . 5  
3 . 5  
3 .8  





3 .25  
3 .25 
3 .25 
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Table 4. 3 Emissions from non flare sources ( based on process design criteria, ADGAS 1 998 ) 
Source Emission Emissions Rates Gas H2S Emission 4 Emission Characteristics 
Condition kg/hr M . Wl % Factor 
1 996 L 1 998 J CO! SO, Flo� Velocity 
Rate mls 
m3/s 
B I  N 1 8. 8 1 8  20.23 0.06 2.830 0.00 1 2  1 65.6 1 7.2 
B 2  1 7.970 20.23 0.06 2 .830 0.00 1 2  1 53 .2 1 5.9 
B 3 1 9. 1 07 20.23 0.06 2.830 0.00 1 2  1 69.6 1 7.6 
B 4  1 9.323 20.23 0.06 2.830 0.00 1 2  1 70.3 1 7.7 
B 5 24.950 1 8 . 04  0.00 2.790 0.0000 1 52.0 1 3 .4 
B 6 N 25.353 1 8.04 0.00 2.790 0.0000 1 56.2 1 3 .8 
Total 1 25,52 1 1 1 8,8 1 3  
RG I N 657 20.23 0.007 2.830 0.000 1 4  1 1 .9 8.7 
RG 2 N 657 20.23 0.007 2.830 0.000 1 4  1 4.0 1 0.2 
RG 3 628 20.23 0.007 2.830 0.000 1 4  1 2.6 9.2 
RG 4  N 268 20.23 0.007 2.830 0.000 1 4  1 1 .7 8.5 
Total 2,2 10 2, 1 20 
GT I N 1 .308 20. 5 1  2.53 2.835 0.0506 29.2 3.5 
GT 2 6.367 20. 5 1  2.53 2.835 0.0506 1 48.7 1 7.9 
GT 3 N 1 .3 36 20. 5 1  2.53 2.835 0.0506 29.7 3.6 
GT 4 N 4. 829 20.03 2.53 2.830 0.0506 1 40.4 1 2. 1  
Total 1 3,840 2 1 ,000 
SRU I N 1 24.230 32.55 0.338 NA NA 9 1 .5 29. 1 
RU 2 N 1 24.320 32.55 0.338 NA NA 9 1 .5 29. 1 
SRU 3 N 90.488 3 1 .43 0.340 NA NA 89.8 6.7 
Total 339,038 1 ,5 14,000� 
Normal 0 eration. P 
2 imulations for current and modified scenarios based on the 1 996 data 
3 Personal communication with ADGAS HS&E Department. 
4 Emission factors for pollutants other than C� and H2S are tabulated in Tables A.2 through A2 in Appendix A 
A: ot applicable for SRU. However, calculations of emission rates for all pollutants in this case are 
based on flow rates from the incinerator and the use of the ideal gas law. A sample calculation for CO2 
and S02 emissions is presented in the Appendix. A 
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Characteristics of emitted gases from flares under normal and emergency conditions are 
listed in Table 4.4.  The main emission under normal operating conditions are due to 
LNGILPG shipment loading and some flaring of cryogenic leak, with a very high 
emission rate during this loading, but low annual during operating hours. Purge and pilot 
flaring constitute a small portion of that emitted gas through flare stacks. Rate of 
emission under emergency situations are very high, however, not all label led emergency 
values occurs at the same time. The worst case of emergency situations is explored m 
chapter 6. 
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Table 4.4 Emissions from flares ( based on desgin criteria compi led from Atkins 1 996 and ADGAS 1 998) 
Emission Conditions Annual Emissions H�S Emission 
Factor 
% 
Source Description Emission hrs kglhr M . Wt CO, SO, 
T�l 
F3 1 Purge and Pilot 8760 250 1 8 .04 0. 1 800 2.65 0.00360 
Flaring cryogenic l eak 8760 4320 28.90 0.0005 2.77 0.0000 1 
Total P lant Fail ure E 1 0  883.700 28.90 0.0005 2.77 0.0000 1 
Blocked outlet E 1 0  1 .086.000 28.90 0.0005 2.77 0.0000 1 
F32 Purge and Pi lot N 8760 250 1 8.04 0. 1 800 2.65 0.0036 
Maximum Relief Rate E 40 545,600 20.40 3.0000 2.69 0.0600 
Plant 6 imbalance E 550 1 .776 20.40 0. 1 800 2.69 0.0036 
F3 3 Purge and Pilot 8760 250 1 8.04 0. 1 800 2.65 0.0036 
Acid Gas Flaring ( min 
E 80 85,325 39.33 25.490 2.84 0.5098 crude production case) 
Acid Gas Flaring (max 
E 80 56.334 39.33 2 1 .560 2.84 0.43 1 2  crude production case) 
F I I Purge and Pi lot N 8760 250 20.23 0. 1 800 2.69 0.0036 
LPG Recovery System 
Shutdown E 48 55.268 1 8.20 0.0000 2.65 0.0000 
LNG Loading N 600 38.000 1 8.20 0.0000 2.65 0.0000 
Normal Boil off gas E 2000 5.969 1 8.20 0.0000 2.65 0.0000 
F I 2  Purge and Pi lot 8760 250 20.23 0. 1 800 2.69 0.0036 
LPG Loading with 
Recovery Syetem 
E 60 6.37 1  46.30 0.0000 2.86 0.0000 Shutdown 
LPG Loading with 
E 600 6. 1 54 48.00 0.0000 2.87 0.0000 J'lormal Boil offgas 
F I 3  Purge and Pi lot N 8760 250 20.23 0. 1 800 2.69 0.0036 
Maximum Relief Rate E 24 40.000 3 - 70 3.0000 3 .00 0.0600 
F I 4  Purge and Pilot N 8760 750 20.23 0. 1 800 2.69 0.0036 
Maximum Relief Rate E 1 00 1 36.500 1 9.00 0.0000 2.67 0.0000 
F 1 5  Purge and Pi lot N 8760 250 1 8.04 0. 1 800 2.65 0.0036 
Maximum Relief Rate E 60 252.000 2 1 .30 0.0500 2.70 0.0000 1 
Treater Gas Manual 
Relief E 730 860 2 1 .30 0. 1 800 2.70 0.0036 
F I 6  Purge and Pilot N 8760 250 1 8.04 0. 1 800 2.65 0.0036 
Maximum Relief Rate E 1 362.000 24.70 3.0000 2.75 0.0600 
Fail ure of One SRU 
E 1 70 55.998 24.70 37.500 2.75 0.7500 (mixed feed case) 
Fai lure of One SRU E 80 47.669 24.70 2 1 .900 2.75 0.4380 (high press feed case) 
. . E for emergeoC) and N for normal condition. 
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The annual emissions of 8 pollutants from each source under normal and emergency 
condit ions are calculated, unless otherwise indicated, using the gas flow rate and the 
emission factor for the pollutant under consideration. These values are tabulated in Table 
4 .5  for non flare sources and Table 4.6 for flares. Emission factors are obtained form (E 
& P forum, 1 994) and are tabulated in Appendix (A). The values shown in Table 4.6 are 
based on the assumption that the combustion effeceincy is 95%. 
Table 4.5 Calculated emission rates for non flare sources 
Source Mass Emission Rates 
(Tonnes/yr) 
CO2 CO NO" N20 S02 C� VOC Particulate 
B l  466,733 1 3 1 .88 5 1 1 .0 I 36.27 1 97.70 1 1 . 54 0 .00 0.00 
B2 444,658 1 25 .92 487.99 34.63 1 89.20 1 1 .02 0.00 0.00 
B3 473,040 1 33 .90 5 1 8 .86 36.83 200.90 1 1 .72 0.00 0.00 
B4 479,347 1 35 .42 524.73 37.2 1 203 . 1 0  1 1 . 86 0.00 0.00 
B5 608,645 1 74 .84 677.55 48. 1 9  0.00 1 5 .29 0.00 0.00 
B6 6 1 8, 1 06  1 77.67 688.49 48.85 0.00 1 5 .55 0.00 0.00 
Total 3 ,070,529 879.55 3 ,408.63 24 1 .98 790.90 76.98 0.00 0.00 
RG I 4730 1 .33  5 . 1 7  0.37 0.20 0. 1 2  0.00 0.00 
RG2 4730 1 .33 5 . 1 7  0.37 0.20 0 . 1 2  0.00 0.00 
RG3 1 5 ,453 4 .40 1 7.06 1 .2 1  0 .80 0.38 0.00 0 .00 
RG4 6,623 1 .88 7.28 0.52 0.30 0. 1 6  0.00 0.00 
Total 3 1 ,536 8.94 34.68 2.47 1 .50 0.78 0.00 0.00 
GT I 1 1 9,837 1 1 4 .22 283.4 1 9 .30 2, ] 4 1 .30 1 7.79 0.00 0.00 
GTI 32,482 30.94 76.76 2.52 580.30 4 .83 0.00 0.00 
GT3 1 57,995 1 50 .58 373 .70 1 2 .27 2,820.90 23 .43 0.00 0.00 
GT4 33 , 1 1 3  3 1 .60 78.40 2 .58 592.00 4.92 0.00 0.00 
Total 343,427 327.34 8 1 2.27 26.67 6, 1 34.50 50.97 0.00 0.00 
SRU I  282,373 8.07 3 1 .30 2.22 1 3 , 1 33 0.7 0.00 0.00 
SRU2 282,373 8 .07 3 1 .30 2.22 1 3, 1 33 0 .7 0.00 0 .00 
SRU3 24 1 ,250 8.8 1 34. 1 0  2.42 5,248 0.77 0.00 0.00 
Total 806,000 24.95 96. 70 6.86 3 1 ,5 1 4  2 . 1 7  0.00 0.00 
Total 4,245, 1 50 1 ,240.7 4,352.2 227.9 38,440.9 1 30.9 0.00 0.00 
Grand 4,289,543 
Total 
. .  Note: Discharge rate IS calculated by multJplymg the gas emiSSIOn rate by the emiSSIOn factor tabulated In AppendIX A 
Tabulated emission factors are based on a 95% combustion effeciency. Emission factors are the stoichiometric 
coefficients ( mass basis)  of the combustion reaction multiplied by the combustion effeciency. 
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Table 4.6 Calculated flares emission rates 
Soure Time Emission Rates 
Code ( hrs ) (Tonnes/yr) 
CO2 CO NO N20 S02 C� VOC Particulate 
F3 1 8760 5,803 1 9.05 3.29 0. 1 8  7.90 76.65 32.85 0. 1 1  
8760 1 04,826 329.24 56.76 3 .06 0.40 1 ,324.5 1 567.65 20.02 
1 0  24,478 76.88 1 3 .26 0.72 0. 1 0  309.30 1 32 .55 4 .42 
1 0  30,082 94 .48 1 6.29 0.88 0. 1 0  380. 1 0  1 62.90 1 0.86 
F32 8760 5,803 1 9.05 3 .28 0. 1 8  7.90 76.65 32.85 0. 1 1  
40 58,709 1 89.87 32.74 1 .77 1 ,309.40 763 .84 327.36 2 .73 
5 50 2,633 8 .50 1 .47 0.08 3.50 34. 1 9  1 4.65 0.05 
F33 8760 5,803 1 9.05 3 .28  0. 1 8  7.9 76.65 32.85 0. 1 1  
80 1 9,385 59.39 1 0.24 0.55 3,48 1 .30 238.9 1 1 02.39 9.80 
80 1 2,799 39.2 1 6.76 0.37 1 ,943. 1 0  1 57.74 67.60 7.32 
F I I 8760 5,866 1 9.05 3.28 0 . 1 8  7.90 76.65 32.85 0. 1 1  
48 7,030 23.08 3 .98 0.2 1 0.00 92.85 39.79 0.0 1 
600 60,4 1 5  1 98.36 34.20 1 .85  0.00 798.00 342.00 0.03 
2000 3 1 ,680 1 03 .86 1 7.9 1 0.97 0.00 4 1 7.83 1 79.07 0.05 
F 1 2  8760 5 866 1 9.05 3.28 0. 1 8  7 .90 76.65 32 .85 0. 1 1  
60 1 ,093 3 .33  0 .57  0.03 0.00 1 3 .38 5 .73 1 .32 
600 1 0,584 32. 1 2  5 . 54 0.30 0.00 1 29.23 55.39 1 2.83 
F 1 3  8760 5,866 1 9.05 3.28 0. 1 8  7 .90 76.65 32.85 O. I I 
24 2,880 8 .35 1 .44 0.08 57.60 33 .60 1 4.40 2 1 .60 
F I 4  8760 1 7,660 57. 1 6  9.87 0.53 23 .70 229.96 98.55 0.33 
1 00 36,446 1 1 8 .76 20.48 1 . 1 1 0.00 477.75 204.75 0.34 
F 1 5  8760 5 ,803 1 9.05 3 .28  0. 1 8  7.90 76.65 32 .85 0. 1 1  
60 40,824 1 3 1 .54 22.68 1 .22 0 .20 529.20 226.80 2.27 
730 1 ,695 5 .46 0.94 0.05 2.30 2 1 .97 9.42 0.09 
F 1 6  8760 5,803 1 9.05 3 .28  0. 1 8  7.90 76.65 32.85 0. 1 1  
1 995 3 . 1 5  0.54 0.03 2 1 .70 1 2.67 5 .43 0.54 
1 70 26, 1 94 82.82 1 4.28 0.77 7, 1 39.6 333 . 1 9  1 42 .79 1 1 .42 
80 1 0,483 33 . 1 8  5 . 72 0.3 1 1 ,670.4 1 33 .47 57.20 5 .9 1 
Total 547,504 1 75 1 . 1  30 1 .9 1 8 .8 1 5,7 1 6.6  7,044.8 30 1 9.2 1 1 2 .8 
G rand 575,472.47 
Total 
CHAPTE R S 
A I R  D I SPERSION M ODELING 
5. 1 INTRODUCTION 
D ispersion modeling is a method used for predicting and estimating concentrations of 
pollutants result ing from atmospheric emissions. A single equation based upon the 
Gaussian plume equation can be used to estimate an air pollutant concentration at a 
single receptor from a single source. However, when multiple sources, multiple 
receptors, varying plume rise, varying meteorological conditions, building wake 
effects, or other factors that affect atmospheric dispersion must be considered, a series 
of equations are needed. Thus, a computer model is required to conduct the repetitive 
calculations and simulate the atmospheric concentrations (Fig 5 . 1 )  over a particular 
s imulated period. 
The alternative to dispersion modeling is to make actual air quality measurements. 
Measuring the actual level of pollutants is more accurate than modeling. However, if 
a source has not been constructed, there is no way to measure the effects of its 
emissions, and model ing must be used to predict its effect . Even if a source does exist, 
modeling can make estimation of concentration at thousands of locations for the price 
of a single set of measurements. While modeling does introduce errors in the 
calculations, these errors are considered acceptable under certain situations. Examples 
where air dispersion model ing is required include health risk analyses, evacuation 
studies or ambient air monitoring projects. Furthermore, most regulatory agencies 
require dispersion modeling in support of local and federal permit applications. 
5.2 MODELING TECH NIQUES 
Air quality modeling procedures can be divided into mainly four techniques: 
Gaussian, numerical, statist ical (or empirical), and box technique. The Gaussian 
technique is widely used for estimating the impact of non reactive pol lutants. It has a 
good mathematical approximation of plume behavior for periods of about five 
minutes to one hOUT. Numerical techniques find applicability in situations where 
pollutant reactivity and formation of secondary po llutants is expected. As an example, 
production of ozone as a result of photochemical reaction of oxides of nitrogen and 
the various species of hydrocarbons. 
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Fig 5. 1 Air dispersion modeling framework 
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Statistical modeling refers to a particular type of Gaussian modeling where the 
dispersion parameters are determined from short-term statistics calculated from the 
wind fluctuations. Simple box models assume that all pollutants are uniformly mixed 
in a volume of finite dimensions. The mass of pollutants, emitted by the sources over 
a given time interval is assumed to equal the mass of pollutants exiting the box 
through the downwind face (Turner, 1 994) .  
5.3  A V AILABLE M ODELS 
Several models are available with various limitations and capabilities of responding to 
different settings of a number of options (Table 5 . 1 ) . Among the variables that dictate 
model suitability are time average concentration ( l hr, 24 hrs, annual), terrain 
complexity (flat or complex), level of urbanization (rural or urban), and precision 
(screening or refined). The suitabil ity of the available models is listed in Table 5.2 .  
Among the above models, the Industrial Source Complex Short Term (ISCST) model, 
developed by the US EPA., is the most suitable for the current study. 
T b a Ie 5. 1 Summary 0 f I . d'  severa arr lSperSlon mo d 1 . h h . r e s WIt t elf mutatlons 
Model Acronym Advantages Limitations 
Name 
SCREEN2 SCREEN2 -Provides an easy way to screen indi iduial -Estimates only one hour 
sources ( point.area. and volume). concentrations for only one 
-Estimates maximum concentrations for a source. 
number of downwind distances and gi ves the 
distance of the maximum concentration. 
The Industrial ISC : - Multiple point source emissions from stacks. - Deposition algorithm is not 
ource I C T: short flares. and other types of emissions. as superior as that of FDM 
omplex term - Includes estimates of building downwash for model 
Dispersion ISCLT : long many point sources. 
Models term - Makes estimates for area and volume 
sources. 
Buoyant Line BLP -Preferred model that estimates concentrations - Unique modeling problems 
and Point from buoyant l ine and point sources tor short that contain buoyant. 
ources term averaging periods. elevated l ine sources. 
Model -Limited to rural areas. 
simple terrain and short 
distances. 
Offshore and OeD -Simulates plume dispersion and transport - Requires both overwater 
Coastal from offshore point sources to receptors on and overland meteorological 
Dispersion land or water. data. 
Model 
Regulatory RAM -Includes a fast executing algorithm for area -Flat terrain on l) .  
Air Model sources. -Effect of building 
-Useful for emissions that have small down wash is not considered. 
variations of adiacent area emission rates. 
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Table 5. 1 Continue . . . . . 
Point-Area- PAL - UsefuJ for analysis of area sources such as - Requires meteorologjcal 
Line Model parking lots and parking structures. data input in a different 
- Has a superior algorithm for area sources and fonnat from the hour-by -
a deposition algorithm bener than the one in hour data fonnat from 
I e. preprocessor PCRAMMET. 
- The time average periods is 
good for only one hour to 
one day. 
Fugitive Dust FDM - Has a superior method of analyzing area -Does not include tabulated 
Model ources and an improved deposition and data for deposition to handle 
i mpaction algorithm for particulate maner sources with release heights 
compared to the ISC models. greater than 20m. 
-Can not include buoyant or 
momentum plume rise from 
sources. 
Continuous CRSTER -Can make estimates for receptors with -Considers all sources to be 
Release elevations up to that of the stack top. co-located. and applicable 
hort Tenn for only single point sources 
Elevated or screening of multiple 
Receptors sources. 
Model 
VALLEY VALLEY -Provides estimates of concentraion for - Limited number of point 
receptors on terrain with elevation near plume and area sources. 
centerline heights. 
Complex CTSCREEN -Provides estimates of maximum -Very conservati ve. 
Terrain concentrations for complex terrain receptors, - Estimates are made for only 
creen Model and no meterological data need to be one hour averaging periods. 
collected. 
Complex COMPLEX -Provides estimates where receptor elevations -This model requires terrain 
Terrain Model exceed the elevation of the stack top. elevations for each receptor. 
SHORTZ SHORTZ -Provides estimates from area and point - Short term concentration. 
sources in urban areas with complex terrain. 
LONGZ LONGZ -Provides estimates from area and point - Long term concentration. 
sources in urban areas. 
Rough Terrain RTDM -Provides a more real istic simulation of pl ume - Terrain elevation must be 
Diffusion centerline behavior with respect to terrain provided for each receptor. 
Model features as compared to V ALLEY and -Needs detai led 
COMPLEX meteorological data 
Complex CTDMPLUS -Provides a more real istic simulation of pl ume - Requires detailed 
Terrain centerline behavior with respect to terrain description of the terrain 
Dispersion features as compared to V ALLEY, feature by specification of 
Model Plus COMPLEX. and RTDM. coordinates of elevation 
contours. 
Practical guide to atomsphenc dispersIOn model mg. 
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Table 5.2 Suitabilit of  the available air dispersion models 
Refi ned long  Refined short Screen ing Terrain  com p lexity 
terml term and u rban ization 
I CST or I SCST SCREEN2 Rural 
ISCLT OCrY 
BLp2 
FOM Flat or 
Simple 
Terrain 
I CST or I SCST SCREEN Urban 
ISCLT RAM 
FDM 





V ALLEY SHORTZ Urban 
LONGZ 
[SCST3 and [SCL T3 use the !SC al orithrn for sim Ie terrain. the Com lex I al orithm for com lex g p p g p 
terrain. and the greater value of the two for intermediate terrain at each receptor. 
2 OCD is used to analyze concentrations from over water sources. BLP is used to analyze 
concentrations from buoyant l ine sources. 
J A V ALLEY screening model is included in COMPLEX-! and SCREEN. 
5.4 INDUSTRIAL SOURCE COM PLEX MODEL (ISC3) 
The Industrial Source Complex Version 3 .0 ( ISC3) short term model is used and 
developed by the US EPA. It provides options to model emissions from a wide range 
of sources that might be present at a typical industrial source complex. It is the most 
popular air dispersion model for continuous emission from point (stationary) 
industrial sources. Also, it is used to assess the impact of air emissions in the simple, 
intermediate and complex terrain. 
The basis of the model is the straight line, steady-state Gaussian plume equation. The 
equation is used with some modifications to model simple point source emissions 
from stacks. Emissions from stacks that experience the effects of aerodynamic down 
wash due to nearby buildings, iso lated vents, multiple vents, storage piles and 
conveyor belts. 
Emission sources are categorized into several types of sources; point source, flares, 
volume source. area sources and open pit sources. The volume source and the area 
source are options that may also be used to simulate line sources. 
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The ISC3 short-term model accepts hourly meteorological data records to define the 
conditions for plume rise, transport, diffusion and deposition. The model estimates the 
concentration or deposition value for each hour of input meteorology and calculates 
user selected short-term averages. For deposition values, either the dry deposition 
flux, or the total deposition flux may be estimated. The total deposition flux is simply 
the sum of the dry and wet deposition fluxes at a particular receptor location. 
5.5 G ENERAL ASSUM PTIONS ASSOCIATED WITH ISC3 MODEL 
There are several assumptions associated with ISC3 model including: 
1 .  Wind from the source stack to the receptor is constant in velocity and direction 
throughout any particular averaging time. 
2 .  Atmospheric turbulence conditions are constant and homogeneous throughout the 
vertical and crosswind regimes from source stack to the receptor. 
3 .  There is no deposition of plume components, all of the effluent remains in the 
atmosphere and such components which reach the ground are totally reflected 
back into the plume.There is no absorption of plume components by the ground 
bodies of water or vegetation, nor is there any chemical transformation of plume 
components. 
4.  Dispersion on the downwind direction is  negligible relative to the wind transport. 
Only vertical and crosswind dispersion occurs. 
5 .  Diffusion patterns are probabil istic and can be  described by Gaussian distribution. 
6. The plume expands in a conical fashion in its travel downwind. 
7. Emission rates are assumed to be constant and continuous. This may not be the 
case in such faci l it ies as boilers, where loads fluctuate with steam demand. 
8. No variations occur in wind speed, wind direction, or Pasquil l stabi l ity c lass 
during transport from source to receptor (pasquill suggested the most commonly 
used scheme to describe the atmosphere so that the c lassification can be 
interpreted in terms of atmospheric dispersion). This assumption is good within a 
few kilometers of a source, it may not be reasonable for receptor distances on the 
order of 50 km or more or during periods of relatively rapid change of 
meteorology. At a wind speed of2 mis, it will take nearly seven hours for a plume 
to travel 50 km, during which the sun can set or rise and c louds also can form or 
dissipate causing changes in stabi l ity c lass. 
Due to the above assumptions, Gaussian modeling does not replicate the phenomena 
of the the atmosphere causing the following l imitations: 
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1 .  The effects of the rapid changes in wind speed and turbulent eddy sizes near the 
ground can not be accurately simulated by use of a single wind speed and the off­
the-shelf dispersion parameters. 
2. A fixed l ink between horizontal and vertical dispersion parameters provided by 
stability c lasses is not necessary an accurate representation of the atmosphere. 
3 .  Under unstable atmosphere situations, the distribution o f  few updrafts causes the 
vertical distribution of concentrations to be non Gaussian. 
5.6 MODEL EQUATIONS 
The concentration of a certain pollutant according to a Gaussian dispersion equation is 
gIven as : 
( -i, J  VQ 2a ' C(x, y, z; he )  = e . 
2u1rO"yO": 
(5 . 1 ) 
where C is the concentration (}lglm3), x is the downwind distance from the emission 
source (m), y and z are crosswind and vertical locations from the emission source ( m), 
Q is the rate of pollutant from a continuous source (gls), cr= and cry are the standard 
deviations of the vertical and horizontal po llutant distribution (m), U is the wind speed 
at the stack height (m/s), and the factor of V is vertical term of the Gaussian plume 
equation (dimensionless) and is given by: 
(5 .2) 
Here, he is the effective stack height which is the sum of the physical stack height and 
any plume rise due to momentum or buoancy effect and is given as: 
(5 .3) 
!1h is dependent on atmospheric stability and flux buoyancy or momentum buoyancy. 
In  our case, momentum buoyancy will not be considered since the temperature of the 
released emissions is higher than the surrounding temperature and building wake 
effects are also not considered. Flux buoyancy (Fb) is determined by: 
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(5.4) 
Where g is acceleration of gravity (9.8 mls2) v is stack emission exit velocity (mls), 
d is top inside stack diameter (m), and t:"T is temperature difference between stack 
emission (To ) and ambient air temperatures (T) in K. 
For unstable conditions with Fb < 55, t:"h is given by: 
0 75 
M = 2 1 .425 �  
u 
If  Fb � 55,  t:"h is given by: 0 6 
M = 38.7 1 �  
u 
For stable condit ions, t:"h is estimated using: 
M = 2.6 _6 ( F J0 33 us 
Where s is stability parameter given by: 
8 e  
g -





( 5 . 8 )  
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(5 .9) 
Where 00/& is the potential temperature gradient (KIm), Of/& is the actual 
temperature gradient (0.0 1 5-0.02 KIm) and r is the adiabatic lapse rate (0.0 1  KIm for 
dry air). 
5.7 M ODEL VERIFICATION EXAM PLE 
To verify model output, a hypothetical s ituation was assumed where an emission 
point source (stack) was selected with an e mission rate of 4 1 4  gIs, stack temperature 
of 873 K stack diameter of 2.0 m, stack height of 46 m, and stack emission exit 
velocity of 29 mls. Meteorological data for this case were created such that the 
ambient temperature (298 K), wind speed (2 .6 rnIs) and wind direction ( 1 80 °) at 1 0  m 
elevation level were kept constant for simplicity. 
The model prediction showed that the maximum ground level concentration is 23 .7  
llg/m3 at a distance of 4 km downwind. The concentration at 4 km downwind was 
then manually calculated using the above equations, with a stability c lass F. The 
velocity at the stack height is detennined using the following equation: 
(5 . 1 0) 
where Um is the wind speed at 1 0 m elevation reference (mls), Z and Zm are vertical 
distance at stack height and at reference level (anemometer height) in (m), 
respectively, and P is a factor or exponent that depends primarily on the atmospheric 
stability which varies from around 0.07 for unstable conditions to about 0.55 for 
stable ones and is given according to Table 5 .3 .  
T bl  5 3 V I f h a e a ues 0 t e exponent ill equat lOn (5 1 0) 
Pasqui l l  Stabi lity Class Ru ra l  Cond itions Urban Cond itions 
A 0.07 0. 1 5  
B 0.07 0. 1 5  
C 0. 1 0  0.20 
D 0. 1 5  0.25 
E 0.35 0.30 
F 0.55 0.30 
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The estimated wind speed at the stack height using the value at the reference level 
was found to be 6 mls. Also, the estimated effective stack height was 1 24 m. To 
calculate factor V, the value of o"z needs to be determined. The model uses the values 
tabulated in Table B . 1 ,  B.2 and B.3  by Pasquill-Gifford (Appendix B), to determine 
o"z and O"y from the tables since for a distance range there is only one value of o"z, then 
the model assumes the highest value as a conservative measure. 
Consistent with the model way of prediction, the value of o"z determined in the 
calculations was 40 m. It is important to realize at this point that the model is more 
sensetive to changes in o"z and stack height than it is to O"y as demonstared in Fig 5 .2 .  
( a )  ( b )  
1 4 0  3 5  
1 2 0 30  
1 0 0 2 5  
M M 
E 80 E 20 Cl 0> :;) 2-
u 60  U 1 5  c: c: 0 0 
(J (J 
4 0  1 0  
2 0  5 
0 o � 
0 20 4 0  60  0 1 0 0 200 300 
Sig m a Z ( m ) Sig m a Y ( m ) 
Fig 5.2 Sensitivity of (a) O"Z and (b) cry. 
From the above data the ground level concentration was found to be 22.85 llg/m3. 
This is c lose to the value predicted by the model ( i.e. 23 .7  Ilg/m\ 
It is realized that the model is more conservative and always takes a higher value than 
the actual ones. 
CHAPTER 6 
MODELING OF GROUND CONCENTRATIONS 
UNDER EXISTING OPERATIONS 
6. 1 INTRODUCTION 
Ground level concentrations resulting from emission sources at ADGAS faci lity were 
estimated under the current situation with normal emergency and combined operating 
conditions. S02, NOx, CO and particulate were selected, among other pollutants, because 
of their established local and international maximum exposure l imits. However, emission 
rates for all major pol lutants have been detennined. Simulations were conducted using 
BREEZE AJR® which incorporates the Industrial Source Complex Model ( ISC3).  
S imulations will be generated for short term ( 1  hr and 24 hrs) and long term (annual) 
averaging t ime periods. For the emergency cases, however, averaging time period of 1 hr 
will be considered, since it is not realistic to consider a whole year emergency, and the 
duration of emergency conditions for some units does not last more than 1 0  hrs (Table 
4.4) .  Predicted ground concentration will be compared to local and international air 
quality standards. Emission concentrations from each source type will be compared with 
the emission l imits set by Abu Dhabi National Oil Company (ADNOC) and other 
international agencies. 
6.2 COMPLIANCE WITH ATMOPS HERIC EMISSION REG ULATIONS 
Atmospheric emissions from ADGAS sources are compared to control l imits established 
by ADNOC and the Natural Gas Refilling & Associated Processes. Table 6. 1 shows the 
emission concentration for S02, NOx, and CO from each none-flare emission source at 
ADGAS. Particulate is not listed because its emission rate from these sources is 
negl igible. No S02 emissions from boiler 5 and 6 due to insignificant concentration of 
H2S in the utilized fuel gas. 
Emission values in Table 6. 1 were obtained from Table 4.3 and Table 4.5 after being 
converted to normal flow rates. The annual mass emission rates for the considered 
pollutants were then divided by the normal flow rates to obtain pollutant concentrations 
in mglNm3 . F lare sources were not considered because no control l imits were established 
for these sources by ADNOC or other international agencies. As Table 6. 1 shows, 
sulphur recovery units (SRUs) fo llowed by gas turbines are the major sources of S02 . 
Furthermore, gas turbines and bo ilers are the major sources of NO x and CO. 
4 1  
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Comparing the emission concentration of S02, NOx, and CO from the sources at ADGAS 
with the reported control limits (Table 6.2) showed that emission concentrations of S02 
from sUlphur recovery units and gas turbines are highly exceeding the control limits. 
Emission concentrations of NOx from boilers and gas turbines are also exceeding the 
limits by approximately 3 fo lds. Emission of CO from all the sources are below the 
control limits. 
Under normal operation conditions, the average efficiency of the sulphur recovery units 
in Train 1 and 2 reaches 96%, and that in Train 3 reaches around 97%. One of the 
possible solutions to achieve acceptable control limit for S02 is to upgrade plant recovery 
to the 97.5% efficiency set by ADNOC. This modification is explored in chapter 7. 
Ta ble 6 1 Emission concentrations for non flare sources . 
Sou rce Code S02 (mglNm3) NOx (mglNmJ) CO CmgINm3) 
B 1  79.0 204.3 52.7 
B2 8 1 . 8 2 1 1 5404 
B3 7804 202.6 52 
B4 64. 7  204 48.3 
B5 0.0 242 6204 
B6 0.0 239 6 1 . 7 
Total 304 1 ,303 33 1 .5 
RG I 2 .0 52.7 1 3 .5 
RG2 1 . 7 43 1 1  
RG3 1 5 .8  1 88 48.5 
RG4 3 .3 80 20.6 
Total 22.8 364 93.6 
GT I 4540 60 1 242 
GT2 253 3 3 .5 1 3 . 5  
GT3 5858 776 3 1 2 . 7  
GT4 332 44 1 7. 7  
Total 1 0,983 1 ,455 586 
SRU I  1 4,554 36 .7 9 
SRU2 1 4,454 34.5 9 
SRU3 6, 1 63 40 l OA 
Total 35, 1 7 1  1 1 1  28.4 
43 
T b l  6 2  C a e . r omp lance 0 f ADGAS to emission regulations under current conditions 
Source ADGAS ADNOC Limits Natural Gas Refining 
Current Situations & Associated 
Processes Limits 
( mgINm3) (mgINm3 ) (mg/Nm3) 
SO:, NO, CO SO:, NO, CO SO: NO, CO 
Boi l ers 304 1 ,303 33 1 .5 200 NA 625 35 3 50 NA 
Reg. Gas Heaters 22.8 364 93 .6 200 NA 625 35 350 NA 
Gas Turbines 10,983 1 ,455 5 86 200 NA 625 35 350 NA 
Sulph ur Reco ery 35, 1 7 1  I J J 28.4 200 NA 625 35 350 NA 
Units 
6.3 G ROUND LEVEL CONCENTRATION UNDER NORMAL CONDITIONS 
Predicted maximum concentration on Das Island resulting from emissions at ADGAS 
faci lities under nonnal operation conditions is listed in Table 6 .3 . Predicted values. in this 
case, reflect the maximum exposure concentration resulting from emissions assuming 
nonnal operation where there is no upset situation, which is the case during most of the 
year. Predictions were made for I -hr, 24-hr, and annual averaging periods. Also, listed in 
the table are the concentration at the main receptors of Sahil Camp, Das I sland Harbor, 
Main Offices, and Jimmi Camp locations. These locations are considered sensitive in the 
sense that two of them are residential areas and the others have large people accessibi lity. 
Contour maps representing I -hr, ground concentration of the four selected pollutants are 
presented in Fig 6. 1 through 6.4. Other contour maps for 24hr and annual periods are 
presented in Appendix C .  
The results in Table 6 . 3  are compared with acceptable exposure limits set by ADNOC 
and US EPA. The concentration of S02 for I hr, and 24 hr averaging period exceeds the 
l imits set by ADNOC. The 24-hr maximum S02 concentration is, however, slightly 
higher than EPA limits. The concentration of NOx ( I -hr averaging) exceeds ADNOC 
limits by 20%, but the other maximum concentrations (24-hr and annual) are below the 
acceptable values. Carbon monoxide and particulate are below the acceptable limits. 





























































































































































Table 6 3 G o d 1 r un t at eve concen r d IOns un er norma operatIon con ItlOns 
Ave. Max. Location Concentration at Receptors Exposure 
Time Conc. ( E : N) Limits 
lJ.g/m3 lJ.g/m3 
Sahil Harbor Main Jimmi ADNOC EPA 
lJ.g/m3 Camp Offices Camp 
1 200 1 000 2000:600 1 900' 1 200 1 800: 1 800 
S02 
I hr 1 388 0700: 1 900 760 679 793 89 1 350 NA 
24hr 4 1 4  1 800: 1 800 204 235 268 4 1 4  1 25 365 
Annual 44 2000 :0600 33 44 40 32 50 80 
NOx 
I hr 500 1 500:3 1 00 1 86 1 00 1 0 1  1 1 8 400 NA 
24hr 1 46 1 900:3 1 00 55  4 1  40 55  NA NA 
Annual 1 6  1 800: 1 800 8 9 9 1 0  50 1 00 
CO 
I hr 2843 1 500:3 1 00 1 073 543 570 640 30,000 40,000 
24hr 846 1 900:3 1 00 2 1 9  1 65 1 47 1 65 NA NA 
Annual 86 1 900:2700 20 23 27 33 .5  NA NA 
Part. 
I hr 1 70 1 500:3 1 00 23 20 39 58 NA NA 
24hr 3 1  1 500:2300 6 5 1 4  1 6  50 1 50 
Annual 5 1 900:2700 1 I I 2 40 50 
















There are several emergency situations that may occur at ADGAS LNG Plant ranging 
from complete shutdown of certain trains to a shutdown of some operation units within a 
train. Emergency conditions could be a result of overflow feed gas or loss of gas supply 
from ADMA-OPCO, instrument malfunction, and loss of steam or cooling water, 
personal fault or loss of power supply. Emergency conditions are forced shutdown. 
scheduled shutdown for maintenance, or a sudden trip. The worst emergency case would 
be a shutdown of all trains at the same t ime. This, however, is not possible since Train 1 
and 2 are independent from Train 3 in all processes and util it ies, and even the feed gas 
streams. From ADGAS operational records, it never happened that all trains were 
shutdown at the same time. Usually, the technical personnel at ADGAS consider Train 3 
trip as the worst case in their calculat ions. 
It is possible, however, that Train 1 or 2 is also shutdown at the time that Train 3 is 
shutdown. This would be the worst emergency case. Three emergency cases are 
considered here and discussed below. 
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Case 1 .  Train 3 and Train I shutdown 
In this case all the cooling water, mUlti-component refrigerant ( MCR) and propane 
compressor are tripped. All  MCR is sent to sweet gas header for flaring (F3 1 )  and 
whatever left in P lant 4 (fractionation sections) is also sent to sweet gas header due to 
loss of cooling water. The remainder of the processed gas in the main exchanger will be 
also sent to sweet header flares. All LNG and LPG boil off gas (BOG) compressors are 
shutdown. Sulphur recovery units for Train 3 and 1 are shutdown and four boilers (B I ,  
B2, BS,  and B6) are also shutdown. Emission flow rates from each source is listed in 
Table 6.4. 
Case 2 .  Train 3 and Train I SRU shutdown 
In this case, Train 3 is shutdown with a maximum rel ief rate of gas sent to the flare (F32). 
Sulphur recovery units for Train 3 and l or 2 are shutdown and four boilers ( B I ,B2, BS, 
and B6) are also shutdown (Table 6.4). 
Case 3. Train 3 shutdown 
In this case, Train 3 is shutdown with a maximum relief rate of gas sent to the flare (F32). 
Sulphur recovery unit for Train 3 is shutdown and two boilers (BS, and B6) are also 
shutdown (Table 6.4). 
Results of model simulations for the above three cases are presented in Table 6.5 . 
Representative contour graphs for I -hr ground concentration on Das Island under the 
above emergency conditions are shown in Fig 6.5 through 6.8 for case 1 .  The other cases 
are shown in Appendix C. Table 6.5 shows that the concentration of the pol lutants under 
case 1 emergency conditions are higher than their concentration under normal conditions. 
However, NO,( and CO only increased by approximately 1 . 5 t imes more than that under 
normal conditions. This is mainly due to having no emissions from 4 boilers (B I ,  B2, BS, 
and B6). As discussed before and presented in Table 6. 1 ,  boilers are the major sources of 
NOx and CO emissions at ADGAS Plant. The impact of having 4 boilers shutdown does 
not affect the concentration of particulate since emissions from these sources are free of 
particulate. Also, S02 emissions from boilers are not as significant as that from turbines 
and sulphur recovery units (Table 6. 1 ) . 
Table 6 .5  shows that S02 and particulate concentration increase under case I emergency 
conditions by 1 5  and 47 times their concentration under normal operations, respectively. 
As shown in Table 4.6, major sources of S02 and particulate under emergency conditions 
(case 1 )  result when directing unprocessed feed gas to flare stack (F32), flaring acid gas 
at F33 ,  flaring mixed feed gas at F 1 6  due to fai lure of one SRU in Train 1 or Train 2 .  The 
reason that particulate increases by a higher percentage as compared to S02, is the 



















































































































































































































Ta b le 6 4 Emission rates from ADGAS s d d thr oUIces un er norma an ee emergency cases 
Sou rce De cription Normal Emergency cases (kglhr) 
Condition Case 1 Case 2 Case 3 
(kg/hr) 
B I  Normal 1 8.8 1 8  0 1 8. 8 1 8  1 8.8 1 8  
B 2  Normal 1 7,970 0 1 7.970 1 7.970 
B 3  Normal 1 9. 1 07 1 9. 1 07 1 9. 1 07 1 9. 1 07 
B 4  Normal 1 9.323 1 9.323 1 9.323 1 9.323 
B 5  Normal 24.950 0 0 0 
B 6  Normal 25.353 0 0 0 
RG I Normal 657 657 657 657 
RG2 Normal 657 657 657 657 
RG3 Normal 628 628 628 628 
RG4 Normal 268 268 268 268 
GT I Normal 1 .308 1 .308 1 .308 1 .308 
GTI Normal 6,367 6.367 6.367 6.367 
GTJ Normal 1 .336 1 ,336 1 .336 1 .336 
GT4 Normal 4.829 4.829 4.829 4.829 
SRU I Normal 1 24.230 0 0 1 24.230 
SRU2 Normal 1 24.320 1 24,320 1 24.320 1 24,320 
SRU3 Normal 90.488 0 0 0 
F3 1 Purge and Pi lot 250 0 0 0 
Flaring cryogenic leak 4320 0 0 0 
Total Plant Failure 0 0 0 0 
Blocked outlet 0 1 .086,000 0 0 
F32 Purge and Pilot 250 0 0 0 
Maximum Relief Rate 0 545.600 545.600 545.600 
Plant 6 imbalance 0 1 .776 0 0 
F33 Purge and Pi lot 250 0 0 0 
Acid Gas Flaring (min crude prod case) 0 85.325 85.325 85.325 
Acid Gas Flaring ( max crude prod case) 0 0 0 0 
F I I Purge and Pi lot 250 0 250 250 
LPG Recovery System Shutdown 0 6.3 7 1  0 0 
LNG Loading 3 8.000 38.000 38.000 38.000 
Normal Boi l  off gas 5 .969 5.969 5.969 5,969 
F l 2  Purge and Pilot 250 0 250 250 
LPG Load- Recovery System Shutdown 0 6.3 7 1  0 0 
LPG Loading with Normal Boi l offgas 6, 1 54 6. 1 54 6, 1 54 6. 1 54 
F l 3  Purge and Pi lot 250 0 250 250 
Maximum Relief Rate 0 40.000 0 0 
F 1 4  Purge and Pilot 750 0 750 750 
Maximum Relief Rate 0 1 36.500 0 0 
F 1 5  Purge and Pi lot 250 0 250 250 
Maximum Relief Rate 0 252.000 0 0 
Treater Gas Manual Relief 0 860 0 0 
F 1 6  Purge and Pi lot 250 0 250 250 
Maximum Relief Rate 0 362.000 0 0 
Failure of One SRU/mixed feed case 0 55.998 55,998 0 
Fai lure of One SRUlhigh press feed 0 0 0 0 
Total 537,802 2,807,724 954,634 1 ,022,866 
Case I .  Tram 3 and Tram I shutdown. Case 2. Tram 3 and Tram I SRU shutdown. and Case 3 .  Tram 3 shutdown. 
55 
Ta ble 6 5 M ' 1 hr axImum - groun d concentrations under three emergency cases 
Pol luta n t  Norm a l  E m e rgency cases I (f.lg/m3) 
con dit ion Case 1 Case 2 Case 3 
(�g/m3) 
S02 1 388  2 1 ,574 7,360 4.974 
NO,. 500 7 1 8  564 1 2 1  
CO 2843 4 1 43 3359 1 0 1  
Particulate 1 70 8090 1 9  1 7  
Case I .  Tram 3 and Tram 1 shutdown. Case 2:  Tram 3 and Tram 1 SRU shutdown. Case 3.  Tram 3 shutdown. 
It is interesting to see that the concentration of particulate under the emergency case 2 
and 3 are less than the value under normal conditions, although the emission rates in 
these cases are higher than that under normal conditions. This is due to the high heat 
release of the flares during emergency, which reduces particulate (soot) formation. To 
verify this, the input heat release for F32 and F33 (the major sources of particulate in case 
3 )  were changed to low heat values as those used under normal conditions ( i.e. from 
approximately 2x 1 09 to 8x l 05 calls). The predicted I -hr particulate concentration just 
from these two sources with the low heat release values was found to be 1 657 f.lg/m3• The 
same reason explains the lower concentration of NOx and CO under emergency 
conditions (case 3 )  as compared to the values under normal operation. 
Comparing the I -hr maximum concentration values under the three considered 
emergency cases (Table 6.5)  with ADNOC and US EPA I -hr limits show that S02 should 
be the major concern, and that NOx is slightly above the standard values. Particulate and 
CO ground concentrations are below the allowable limits, with the exception of 
particulate under the conditions of case 3 .  Since the possibility of having case 3 
emergency condition is very slight, then particulate levels should not be a major concern. 
6.S GROUND LEVEL CONCEN T RATION U NDER C O M BINED CONDITIONS 
The annual average concentration of a certain po llutant caused by emissions from 
ADGAS faci lity can be determined by considering the total emissions of that pollutant 
throughout the year. This is determined by determining the geometric average of 
emission of that po llutant at each source under normal and emergency conditions. 
Geometric average values are then used in the simulation model to predict ground 
concentration. The maximum annual concentration for S02, NOx, CO and particulate on 
Das Island and the four sensitive locations on the I sland are listed in Table 6.6. 
Representative concentration contour maps are shown in Appendix C. The concentration 
of S02 and particulate exceed the allowable l imits with S02 level posing a major concern. 
No annual exposure limits for CO, but NOx is below the established limits. 
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T bl 6 6  a e Annua ground concentrations under combined conditions 
Pollutant Max. Location Concentration at Receptors Exposure Limits Fig 
Conc. (E : N) /lglm3 /lglm3 
SahlI  Harbor Main limmi ADNOC EPA 
/lglm3 Camp Offices Camp 
S02 526 1 900:2700 1 24 204 259 266 50 80 C. 1 4  
0,- 20.5 1 900:2700 9 1 2. 5  1 6.2 1 6.5 50 1 00 -
CO 1 1 3 1 900:2700 29 43 68 74 NA NA -
Particulate 1 94 1 900:2700 24.4 35 64 78.5 40 NA C. 1 5  
6.6 SUMM ARY 
Ground concentration of S02 caused by emissions from ADGAS Plant were predicted 
under three conditions: normal operation; emergency; and combined. Comparison 
between predicted values and established exposure limits showed that S02 level would be 
a major, followed by, but a much lower degree, NOx and particulate. Efforts thus should 
be directed to reduce S02 concentration by enhancing sulphur recovery, or reducing 
emission quantities. Several modification options are explored in the fo llowing chapter, 
and their impact on reducing ground concentration is discussed. It should be realized at 
this point that other emission sources from ADMA-OPCO faci l it ies would result in 
higher predicted concentration levels on Das Is land. However, the main objective of this 
study is to manage emissions of ADGAS-LNG Plant. Further studies are needed to 
address and quantify pollutant concentration resulting from ADMA-OPCO emissions. 
CHAPTER 7 
MODELING OF GROUND CONCENTRATIONS 
UNDER MODIFIED OPERATING CONDITIONS 
7. 1 I NTRODUCTION 
The previous chapter shows that some of the effilSSlon rates and ground level 
concentrations of S02 and NOx exceed ADNOC and other standards. Thus, efforts that 
are directed towards reducing emission rates and the resulting ground level 
concentrations should be devised. It is our objective in this chapter to investigate the 
impact of certain proposed modification schemes on the unit processes at ADGAS Plant 
to meet regulatory standards. 
There are two approaches for better emission management; reduction of gases going into 
the stacks and enhancement of gas combustion efficiency. Zero flaring, for example, 
would be the best approach to eliminate gases going into the flares, recovering these 
gases, and recompressing them to be used later as fuel gas or process gas. This will not 
only protect the environment, but will also lead to economical benefits. Zero flaring is 
applicable, however, for only nonnal operation with low continuous flow rates, but does 
not work under emergency conditions. Furthermore, it does not work under unsteady 
operations with varying feed gas characteristics and pressures, such as the case at 
ADGAS-LNG plants. I n  addition to the above, zero flaring is an expensive technology, 
and requires an expansion area, making it not feasible with the limited space on Das 
I sland (SAAS Safety System and Flares Control). 
Reduction of gases go ing into the flares may be accomplished using gas separation 
membranes to separate higher molecular weight gases from the gas mixture. This will 
reduce emission of higher molecular weight hydrocarbons and, with good separation, 
results in smokeless flares. Membrane separation may be feasible under steady and low 
flow rates. In case of upset and emergency situation, it wil l  not be applicable due to 
sudden high flow rise and the complexity of gas composit ion, that must be flared, and 
thus it wil l  damage the membrane components (Burggraaf, 1 996). 
Among other methods of emission reduction that might be applicable to ADGAS plant 
would be the improving sulphur recovery units in all trains by enhancing recovery 
efficiency to minimize emissions of S02 and installing additional compressor units for 
gas capture from the source and run down lines. The latter might be necessary to avoid 
flaring low-pressure associated gas coming from ADMA-OPCO under conditions of 
excess crude oil production due to the extra load on processing units at ADGAS P lant. 
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Capturing boil-off-gases (BOG) wasted during loading and shipments at the production 
facilities is yet another way of reducing emissions. Existing BOG compressors can not 
recover all boil-off gases. Additional compressor will recover the waste gas and return it 
to the production lines or use it directly as fuel gas for some of the utilities. 
Current ly, fuel gas purge is used at ADGAS P lant to maintain positive pressure in the 
flare stacks. Replacement of fuel gas by nitrogen purge will be considered as another 
process that can be used to reduce emissions to the flares. Nitrogen purging is applicable 
to flares other than acid gas flares since acid gas waste requires fuel gas purge for good 
mixing and combustion to prevent emissions of H2S. Also, nitrogen purge may deactivate 
the ignition system at the flare tip. 
Considering steam-assisted flares can enhance gas combustion efficiency. Steam-assisted 
flares are the most common method utilized to produce smoke-free flares. It is used for 
low-pressure gases and is widely used in major oil and gas industries. Steam is used to 
introduce air and provide good mixing into the flame for efficient combustion. This will 
reduce some of particulate and carbon monoxides emissions (Leite, 1 994). 
The impact of enhancing SUlphur recovery, adding an additional boil-off-gas compressor, 
nitrogen purging and other modification options on ground concentration of pollutants 
emitted from ADGAS P lant is explored below. 
7.2 UPGRADING SULPHUR RECOVERY U N I TS 
The average current efficiency of  SRU in Train 1 and 2 is 96% and in Train 3 is 97%. 
This current efficiency does not comply with the 97.5% ADNOC standard. Upgrading the 
SRUs at ADGAS can be accomplished by using a Superc1aus 99 process. Superclaus 
process recovers up to 99% of the sulphur in the acid gas stream. Thus, enhancement of 
SRUs performance reduces S02 emissions and leads to an increase in sulphur production. 
Super Claus process consists of a thermal stage followed by three catalytic reaction 
stages with sulphur removed between stages by four condensers. Two reactors are filled 
with standard C laus catalyst while the third reactor is filled with the new selective 
oxidation catalyst. In the thermal stage, the acid gas is burned with a substoichiometric 
amount of controlled combustion air such that the tail gas leaving the second reactor 
contains 0 .8  to 1 .5 % H2S by volume. The remaining tail gas is completely oxidized in an 
incinerator before being sent to the stack. 
Upgrading the SRUs at ADGAS LNG P lant requires installing a reactor of newly 
selective oxidation catalyst and hydrogenation reactor between third and second stage 
reactors. The new catalyst in the third reactor oxidizes H2S to sulphur at an efficiency of 
more than 85%. This is  due to its selectivity for the direct oxidation of H2S to elemental 
sulphur, with no reverse reaction sulphur and water to H2S and S02. 
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With 99% sulphur recovery, the emission rates of S02 from Train 1 and Train 2 are 52 
gls and 27  gis, respectively. Since ADNOC requires 97.5% or 0.2 g/Nm3, enhancing the 
recovery to 99% may not, from ADGAS point-of-view, be economical ly justified. Lagas 
et al. ( 1 989) reported that it would be expensive to move from 96% to 99% sulphur 
recovery. Therefore, it is important to compare between ground concentration resulting 
from 99% and 97.5 % sulphur recovery, to see if upgrading the SRUs to 99% would be 
environmentally just ified. With 97.5% sulphur recovery, the emission rates of S02 from 
Train 1 and Train 2 are 1 1 5 . 7  gls and 70 gis, respectively. Note that the sum of the 
corresponding concentrations for these emission rates is still higher than ADNOC 
limitation (0.2 glNm3) .  
Table 7. 1 summarizes the simulation results of ground level concentrations under normal 
conditions for different improvement in SRU efficiency. Fig 7. 1 to 7.3 shows contour 
l ines for ground level concentrations at 97.5%. Based on the 1 -br averaging time, a 97.5 
% SRU efficiency results in a 3 0% reduction in maximum ground concentration on Das 
Island. The contribution of the SRU stacks emissions to the ground concentration with 
97.5% efficiency is approximately one third. This contribution will reduce to one-sixth 
for 99% with only an addition of 3% reduction compared to the 97.5% sulphur recovery. 
Comparing the S02 ground concentration for the other averaging t imes shows that 
improving sulphur recovery from 97.5 to 99010 may not be the right option to reduce S02 
ground concentration to ADNOC air quality standard. Surprisingly, the maximum 
concentration based on 24-br averaging t ime did not change upon increasing sulphur 
recovery. 
Management of other emission sources including turbines and some of the other flares 
should be considered for further reduction in S02 ground concentration. All those sources 
contribute to of S02 emissions. Another reduction of S02 emissions will be considered in 
another section. 
Table 7 . 1  Ground level concentration of S02 (/lglm3) under current and modified SRU 
efficiency 
Averaging Current 97.5% 99% Contribution of Contribution of 
Time Efficiency Efficiency SRUs at 97.5% SRUs at 99% 
I hr 1 3 88 97 1 9 1 7' 303 1 33 
24hrs 4 1 4  4 1 4  4 1 4  56 25 
Annual 44 37 35 6 3 
































































































































































































7.3 ADDITIONAL B O I L  OFF GAS COM PRESSOR 
The LNG product from the trains runs down to the three LNG storage tanks at a capacity 
of 80,000 m3 each. The boil-off-gas (BOG) generated from the tanks, which is compressed 
by two BOG compressors and then sent to fuel gas system in the process trains. During 
ship loading the vapors from the ship return to LNG tanks. The two BOG compressors 
recover the vapor from the tank up to the maximum capacity of the compressors. BOG 
generated during loading operation is higher than normal conditions. Therefore, any 
excess of  vapor is sent to the flares. The average total quantity of BOG been flared is more 
than 1 8,000 kglhr during steady state loading for 1 2hr, averaging 1 8,720 tones per year. 
Installation of an additional BOG compressor will eliminate approximately 95% of BOG 
emissions (ADGAS, 1 998) .  
Table 7.2 shows the effect of adding a third BOG compressor on the ground 
concentration of the four considered pollutants. This modification process has no impact 
on S02 concentration since the BOG is sulphur-free. A large impact, however, resulted 
on the concentration of NO x, CO and particulate. NOx dropped to third for I -hr and 24-hr 
averaging times. Figures 7 .4 through 7.6 show contour lines for the I -hr averaging 
ground concentration for these three pollutants after adding a third BOG compressor. 
Table 7.2 Comparison of ground level concentrations with exist ing and additional BOG 
compressor 
Pol l utant/Averaging Time Normal with 2 BOG Compressors Normal with 3 BOG Compressors 
(/lglm3) (/lglm3) 
S02 
I hr 1 3 88 1 388 
24hrs 4 1 4  4 1 4  
Annual 44 44 
NOx 
I hr 500 1 66 
24hrs 1 46 55  
Annual 1 0  6 
CO 
I hr 2842 259 
24hrs 1 639 29 
Annual 85 5 
Particulate 
I hr 1 70 1 2  
24hrs 3 1  I 














































































































































































































































7.4 NITROGEN PU RG ING 
In  general purging is necessary to maintain posItIve pressure to prevent having air 
entering into the flaring system and thus, to avoid any hazardous situations. Most of the 
flares in ADGAS are purged with fuel gas for operational and safety purposes. Those 
existing flares system are non-smokeless flare. However, fuel gases are burned 
continuously into the atmosphere via the plant flares system. The average total quantities 
of fuel gas used in the flaring system for operational purposes at all the trains are around 
900 mil lion standard cubic feet per year. Therefore, replacement of the existing purging 
fuel gas in the flares by nitrogen, will reduce some of the gases emitted into the 
atmosphere, as well as, utilizing the saved gases for other operational uses. 
It is clear that flares are operated with continuous pilots and purging to activate the 
system under safe and reliable conditions. On the other hand, with nitrogen used as a 
purge gas there are some disadvantages that should be considered in the control system; a 
sudden release could push a considerable quantity of nitrogen from the flare tip and could 
extinguish the pilots. Also, nitrogen purging is not recommended for acid gas flares 
because this type of flares requires fuel gas to burn the acid gas in case of any upset or 
emergency conditions. This acid gas shall be burnt with fuel gas for safety and health 
reasons to avoid any hazardous hydrogen sulphide releases (Selie, 1 992). 
Ground concentration under the conditions where ali pilot and purge gas are assumed to 
be negligible were compared with those predicted under normal conditions. No changes 
in the concentrations were observed. Thus, nitrogen purging, although does not affect 
ground concentration, may be utilized to save some wasted gas. 
7.5 OTHER E M ISSION I M PROVEMENT 
7.5. 1 Fuel  Gas Sweetening 
This approach wil l  be definitely important, since al l  fuel gas wil l  have less sulphur 
content for util it ies and process needs. Then it wil l  be in compliance with ADNOC 
standards. This in turn will ensure low emission of S02 results from boiler stacks, 
regeneration gas heaters and gas turbines. In order to have very low sulphur content, 
some modifications in the acid gas removal unit should be considered. 
7.5.2 Red ucing G round Level Concen trations 
Ground level concentration can obviously be reducing emissions. The following methods 
may be used to reduce ground level concentrations: 
1 .  Adding heat to stack gases or fuels to a flare to increase plume rise. 
2 .  Construction stack nozzles to  reduce building down wash. 
3 .  U sing a segmented stack to replace a series of stacks. 
4. Reducing emissions temporarily when air quality standards are threatened. 
5 .  Introducing low NOx burners for boilers, regeneration gas heater and gas turbine. 
6. Increasing stack height. 
7.5.3 Fla re I m p rove ment 
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Introducing steam-assisted flares for some eXlstmg ones in the plant will reduce the 
impact on smoke and heat radiation. Steam inject ion will provide a better mixing and 
turbulence of air to gas ratio and efficient combustion will lead to smokeless situations 
(Straitz, 1 994). Availability of steam on site makes it more economically to be utilized 
for controlling emissions. Also flare t ip design improvement wil l  enhance a better mixing 
and distribution of the flare gases to provide higher combustion efficiency, as a result for 
smokeless operations ( Leite 1 992).  
7.6 S UM M ARY 
Modification of unit processes is needed to reduce emission rates and resulting ground 
concentration from ADGAS sources. Since S02 concentration under current conditions 
are above the acceptable air quality l imits, upgrading the SRUs was explored first and 
was found to reduce the S02 concentration, but not to the acceptable limits. Further 
reduction is required possibly through sweetening of fuel gas utilized by gas turbines and 
boilers. However, purging flares with nitrogen instead of fuel gas, which have a minor 
impact on reducing S02 concentration. This will be, on the other hand, a step for 
conservation of wasted fuel gas. 
S ince NOx, and particulate concentration is a concern under current conditions, addition 
of a third BOG compressor was investigated and was found to positively reduce the 
concentration of the two pollutants within the acceptable limits. The economical benefit 
in recovering BOG should make this modification on the top of any emission 
management list . 
H igh levels of communicat ion between the up stream operating company ADMA-OPCO 
and down stream company ADGAS during upset situations is critical to minimize 
emissions result ing from uncontrolled flaring of the associated gas. However, any 
emission management strategy at Das Is land should take area availability into 
consideration. For example, expansion of a unit operation within a train may not be 
feasible due to area limitations and safety requirements. 
CHAPTER 8 
CONCLUSIONS AND RECOMM ENDATIONS 
8. 1 CONCLUSIONS 
The main object ive of this study was to better manage emissions from gas processing 
companies at the UAB ADGAS LNG Plant was considered as the case study. The 
approach selected was to establish a baseline for current emissions and ground level 
concentrations of several pollutants, and then to explore different modification scenarios 
to reduce emissions and ground concentration exceeding regulatory standards. Although 
other emission sources from ADMA-OPCO side are contributing to ground concentration 
on Das Island, this study should be very beneficial for any future management effort by 
ADGAS as it identifies current emissions from its sources and their contribution to 
pol lut ion level on Das Island. Air dispersion modeling was utilized to predict ground 
concentration under actual and hypothetical operation conditions. Emission rates, source 
location, and emission characteristics were obtained from ADGAS Operation 
Department and Department of Health, Safety, and Environment. Meteorological data 
were obtained from Abu Dhabi International Airport, as it is the closest station to Das 
Island. 
Two main approaches were considered to minimize ground level concentrations emitted 
from LNG plant at ADGAS. First, reducing flow of gas into the flares by adding 
compressors in order to recover any excess gas from going into the flares during 
operations as wel l  as replacing fuel gas purging to nitrogen. Second, upgrading sulphur 
recovery units to a higher efficiency by modifying the units using Superclaus technology 
in order to meet ADNOC control l imits and enhancing combustion efficiency of the 
waste gas by flare improvement using, for example, steam-assisted flares. 
In this study, four po llutants were considered namely; sulphur dioxide, nitrogen oxides, 
carbon monoxide and particulate. Selection of these pollutants was done to allow 
comparison between predicted concentrations and the air quality values establ ished by 
ADNOC and other international agencies. From this study we conclude that : 
1 .  Emission rates for those pollutants are exceeding the exposure limit of ADNOC and 
US EPA, under all considered emergency cases and current normal operations. S02 
maximum average concentration level was the highest among the other pollutants. 
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2 .  Under current situation gas turbines and boilers are the major sources of NO x and 
CO, whereas, S02 emissions from SRUs and gas turbines are highly exceeding the 
regulation limits. However, CO emission from all the sources is below the air quality 
limits. 
3 .  Under emergency conditions, maximum average ground concentrations of S02 and 
NOx were found to be much higher than the allowable limits. Particulate and CO 
concentrations are less than their corresponding values under normal operation due to 
the high heat release associated with the flares. 
4.  The maximum annual concentrations of S02 and particulate resulting from emission 
at ADGAS LNG Plant are exceeding ADNOC allowable limits. 
5 .  Upgrading sulphur recovery units to 97.5% resulted in 30% decrease in S02 
concentration. Further recovery to 99% resulted in additional 3% decrease only. 
6. Adding a third BOG compressor resulted in a significant decrease in NOx, CO and 
particulate concentrations. 
7.  No change in ground concentration has resulted by replacing fuel gas by nitrogen 
purge. 
8.2 REC O M M E N DATIONS FOR T H I S  STUDY AND FOR FUTURE WORK 
It is highly recommended that, the modifications and improvement of minimizing 
emissions start from management side to make a good decision for controlling and 
selection for the appropriate use. There are some recommendations for a better 
management of emission at ADGAS as listed below: 
1 .  It is recommended to upgrade the SRUs to reduce S02 emissions and meet ADNOC 
regulations. Further reduction can be accomplished through sweetening of fuel gas 
directed to utilities. 
2 .  A third compressor t o  recover BOG during normal and LNGILPG loading will 
significantly reduce emissions of wasted hydrocarbons and other pollutants. 
3 .  Investigating the impact of steam assisted flares on reducing ground level 
concentrations. 
4.  Introducing low NOx burner for boilers, and improving flare tip design for efficient 
mixing with waste gas to avoid soot formation and smoke should be explored. 
5 .  Explore fuel gas sweetening by revamping acid gas removal units as a means for 
further reducing S02 emissions. 
7 1  
6. Stationary and mobile measurement devices for monitoring ground concentration of 
emitted pollutants is great ly needed, espec ial ly at the sensitive receptors located at the 
south part of the Island. 
7. Installation of sampling ports for measuring continuous releases from emISSIon 
sources wil l  be preferable. 
8 .  Shortening the duration of the planned overhaul shut down. 
9. Coordination between ADMA-OPCO and ADGAS is greatly required to reduce 
emissions during sudden emergency and upset conditions. 
1 0 . Future expansion in oil and gas production on Das Island requires prior assessment 
using air dispersion modeling for better air quality management. 
1 1 . Studying the effect of injecting acid gas to underground oil & gas reservoirs on 
reducing S02 emissions. 
1 2. Modeling ground level concentration at zero wind case for normal operations. 
1 3 .  Studying the expansion for combined effects of emissions of ADMA-OPCO and 
ADGAS. 
1 4 .  Investigating the impact of emissions from Das Is land on Coastal Residential Areas. 
1 5 . Comprehensive study required for economical impact of proposed modification to 
this process. 
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